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FOREWORD 

1. Purpose.    To provide a practical manual of meteorology for the infor- 
mation and guidance of Air Weather Service personnel concerned with tropical 
regions. 

2. Scope.    This Manual is applicable to all Air Weather Service fore- 
casting activities.     Although many of the examples and diagrams are taken from 
tropical regions in the Pacific, the techniques used should be applicable vith- 
in comparable latitudes of other tropical-oceanic regions. 

3. Credits.    This Manual was written by a team consisting of Dr. C. E, 
Palmer, Director of the Oahu Research Center of the Institute of Geophysics 
of the University of California at Los Anpeles;  Capt. C. W. Wise and Capt. L. 
J. Stempson of Project Top Hat of Air Weather Service; and Lt. Col. G,  H. 
Duncan of the Air Force Cambridge Research Center.    The studies of the Oahu 
Research Center, which were the basis for much of the material in this Manual, 

%   were sponsored by the Geophysics Research Directorate, Air Force Cambridge 
L      Research Center.    This Manual was first issued in a very limited edition as 

iX    -Special Report No. 2 under Coutract AF 19(60li)-5ii6 and distributed by the 
t Geophytics Research Directorate as AFCRC-TH-55-ii60.    Simultaneous with issu- 

Ö ance of this report as AWS Manual 105-hü, it is appearing also as Air Force 
Svrveys in Geophysics No. 76.    The McGraw Hill Book Co., Inc., has kindly 
given permission to reproduce Figures 2-25 and 2-26 from Climatology by Dr. 
B. Haurwitz and Dr.  J.  Austin, 19hh, and Figures 2-18,  2-iy,  and 2-20 from 
Tropical Meteorology by Dr. H. Riehl, 195U. 
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amended. * 
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ABS   TRACT 

The   report   Is   In  seven  parts.     After  a  short  introduction     the  manner 

In which  the  tropical  forecaster may  utilize cllmatologlcal   Information  Is 

Jlscussed.     The  next  section emphasizes  that  the approach  to  the  evaluation 

of tropical  data  Is different  from that which is standard  in high  latitude 

meteorology.     Then  follows  a  long  discussion  of  wind  analysis,   using  stream- 

lines   and   isotachs.     The  fifth  section  covers  methods  of  analyzing  cloud 

and weather  distribution;   the methods  outlined here are designed  specifical- 

ly  for  use   in  tropical  regions.     The  sixth section deals with  problems of 

correlation  of wind and weather  patterns,   of continuity and  with  related 

topics:   the  material   is presented chiefly   in the  form of practical  examples. 

Finally,   the  structure,   genesis  and  movement  of  tropical   cyclones  are   brief- 

ly  discussed. 
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THE PRACTICAL ASPECT OF TROPICAL  UETEOROLOGY 

By 
C.   E.   Palmer, C.   W.   Wise 

L,   J.   Stempson, G.   H.   Duncan 

1000.     INTRODUCTION 

The average (neteorologist,   trained and  experienced   in  the  analysis  and 
forecasting of weather  and  winds  in  temperate  or  polar  latitudes,   has a 
tendency  to regard  tropical   forecasting as  a separate  and  distinct  field. 
He  has arrived at* this  conclusion,   largely,   from  an   inadequate knowledge  of 
such strange  and nebulous   features  of tropical   analysis  as  "the  inter-tropic- 
al   front"  or  "easterly waves",   which seem to oe   inapplicable   in high  latitudes; 
he  has  henrd of the  difficulty  of  forecasting  the   tracks   of hurricanes  and 
typhoons.     He  has often heard of special   "schools"   for  the  training of  tropic- 
al   forecasters.     Finally,   if  he  has  had an  occasion   to see,   or,   perhaps, 
attempt weather analysis   in  tropical  areas,   the   apparent   tailure  ot  most  of 
the  standard methods  and   rules  of his  profession  convinces  nitn  that  this   belongs 
to  a special  type  of  meteorology  for which  he was  not  trained. 

To a certain  extent,   he   is  right.     Many of   the   techniques  which  he   uses 
in  high  latitude  forecasting  are  based upon  the   recognition  of  the  marked 
differences  in  temperature  and  humidity that  exist   between  air-masses.     In 
fact,   to a beginner  in   low-latitude analysis,   the   tropical  air-mass appears 
to   be  remarkably uniform   in  temperature and humidity .and   unchanging as a 
whole,   with diurnal   and  orographic variations -more   predominant  than synoptic 
changes.     Consequently,   the   forecaster *ho  uses   only   air-mass^and   frontal 
concepts  in his work   is  at   a  loss  to explain variations  of wind,   cloud and 
precipitation when  these  occur  in  the  otherwise   uniform  air-mass.     He must 
either  invent  new  concepts   applicable  to  these   regions  alone,   or  revert   to 
the   mpst   basic  and   fundamental   rules  and   techniques   of  analysis   and   forecast- 
ing,   such  as were  used   by   the   pioneer  synopticianti. 

Since  the  average   forecaster  is  unlikely  to   initiate  radical   new devel- 
opments   in  meteorology   that   will   stand   the   test   of   time,   he   is   forced  to  adopt 
the   letter alternative,   namely,   to return   to  the   fundamentals  of synoptic 
•meteorology.     What  are   these   basic  principles?     First,   he   must   review  his   know- 
ledge   of   the  relevant   climatology   -  a  subject   to   which  he   has   probably   paid 
scant  attention   in  high   latitudes.     Secondly  he   must   learn     to  understand   the 
role  of  the   large  orographic   and   diurnal   effects   characteristic  of   low   latitudes 
and   to  evaluate  his  data   accordingly.     For  he  cannot, in   his  analysis,   describe 
the  synoptic   picture   without   removing   these   local   and   periodic   effects  and   he 
cannot  derive  a   forecast   from  his   prognostic  maps   without   including  them. 
Thirdly,   the  closer  to   the   equator  his  analysis   extends,   the   less   he  can   rely 
on   the   geostrophic  or   gradient   wind  relationships   -   the   foundation   of  wind 
analysis   in   high   latitudes.      Moreover,   he   finds   that   the   pressure   gradients   at 
the   ground,   and  the  contour   gradients  aloft,   become   weaker  and  weaker as   the 
equator   is  approached.     This   leads  to  intolerable   uncertainties   in   the  standard 
pressure  and  contour"analyses;   for  both  these   reasons,   then,   they  cannot  oe 
used  to  represent   the   wind   flow.   To describe   the   wind   field  and   to   forecast 
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cnanges in it, he has to adopt some method of analyzing the wind ooservationb 
separately trom the pressure ooservations.  Fourthly since the models of fron- 
tal and air mass analysis fail in the tropics, he has no olue-prints to guide 
nim in deriving cloud and precipitation forecasts from the wind analysis.  lie 
has to descrioe the chief features of the cloud and precipitation field oy some 
kind of weather Jistrioution analysis. 

Finally, after these techniques have oeen applied analytically, he must 
synthesize the results in such a way as to arrive at a true synoptic view 
uf the weather situation, integrating and correlating as many feature.; of 
the separately analyzed fields. Doth in space and time, as is humanly possible, 
(.ere, experience of the correlations between wind and weather and correct 
notions of continuity in space and time, count heavily. 

In this survey, one method of treating these five fundamental steps in 
analysis is presented.  We do not claim that it represents a new and radical 
approach to tropical problems, but it is hoped that the material presented 
will enable the reader to begin practical analysis .>nd forecasting in low 
latitudes.  The work is addressed primarily to forecasters who have a sound 
ivorking knowledge of the synoptic meteorology of middle and high latitudes, 
nho have sufficient academic training in general climatology and theoretical 
meteorology tor the practical demands of middle latitude work and who have had 
some practical experience in the routine analysis and forecasting required 
to support present-day aircraft operations.  Although here and there, particu- 
larly in the section that treats wind analysis, we have presented rather 
complex theoretical ideas, no mathematical equations have been Introduced, 

Geographically, the area or belt at the surface of the earth that Is 
bounded by the Tropics of Cancer and Capricorn at 23° 2T North and South, 
respectively Is called the 'Torrid Zone' or more briefly and inaccurately 
the 'Tropics'.  We shall reserve the term, 'Torrid Zone' for this rigidly 
defined oelt.  However, the region covered by the tropical air mass, as shown 
by the horizontal uniformity of its representative and characteristic meteor- 
ological elements, often exceeds and sometimes tails short of the boundaries 
set by Capricorn and Cancer.  For convenience, whenever we refer to 'the 
tropics' we shall mean the region lying between the high pressure belts at the 
surface of each hemisphere, and the troposphere and lower stratosphere above 
this region.  The boundaries of the tropics theretore vary In space and time; 
tney may approach within 15° latitude of the equator or recede 46° from it. 



2000,     THE CLIUATOiOGICAL BACKGROUND 

2J00.  THE USES OF CLIMATÜLÜGV 

The synoptic meteorologist finüs three uses f 
First, the statistical results set the limits with 
prediction of individual elements, such as wind, t 
fall, and the most probable value of the element f 
purpose, the most valuable statistic is the freque 
ment, the class intervals being chosen with a prac 
Tropical statistics of this type, gathered over a 
practically non-existent. The surface wind roses 
of the tropical oceans, such as appear on the "Pil 
are probably the nearest approach to the ideal ava 
2-1, which shows the distribution of the heights o 
over the Marshall Islands in October-November iy52 
illustrate the type of frequency information that 
is based upon excellent reconnaissance data but re 
covers a very extensive area,- a very short record 
all, with great caution, 

or climatological knowledge. 
In which the analysis and 
emperature or pressure, must 
or the season.  For this 
ncy distribution of the ele- 
tical forecast in mind, 
period ot many years, are 
for each five-degree square 
ot Charts of the Oceans" 
liable at present.  Figure 
f the tops of cumulus clouds 
, is presented merely to 
Is most useful.  This curve 
fers only to two months and 
that should be used, if at 
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Fig.  P-l.     Percentage  frequencies  of heights  reported  for cumulus  tops   for 
the area between 2.50S - 25.0oN and  I550E -   175°*. 

The modal, or most frequent height, is 4,000 feet and thus, if the curve 
were statistically reliable, would be the most probable height of cumulus tops 
in the area.  In the absence of synoptic reasons against it. this is the height 
that should be forecast, with the greatest likelihood of success.  Note the 
skewness of the curve;  it is so great that the mean cloud height, 7,600 feet, 
differs by 3,600 feet from the mode.  In this case the mean, therefore, is of 
little use to the forecaster.  Note also that the curve has an abrupt cut-off 
at 1,800 feet, the most frequent height for the base of cumulus over the open 
tropical ocean.  On the other hand, the curve reveals information that a high 
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latitude meteorologist might not suspect.  Cumulus (not cuniulonimDus) with 
tops as hii;h as 28,00ü teet can occur in the region i.e., on rare occasions 
the cloud tops can oe super-cooled to almost -30oc (the most frequent tempera- 
ture at 30.000 taet) without freezing.  In the presence of good synoptic reasons 
for it, the forecaster need not hesitate to forecast cumulus tops between 20,000 
and 25, 000 teet. 

Useful frequency curves for tropical weather elements are rare.  For most 
elements and most areas the forecaster has to fall back on two less useful 
statistics -- the mean and the range.  The range sets the limits outside of 
which the forecaster should not predict without very strong reasons.  The mean 
will coincide with the mode when the element is normally distributed -- but 
this is rarely the case with any meteorological variable.  However, in the 
absence of good frequency data, the forecaster may take the mean as an approxi- 
niation to the mode.  In practice, when one judges that after a period of unusual 
disturpance, the synoptic situation is about to change, the safest forecast for 
any meteorological element is that it will return to its mean or better, its 
modal value, for the month or season. 

iu   analysis, the frequency distribution of an element, or in its absence, 
the range, should be used to check suspect observations.  A report of a surface 
temperature of 60oF at Canton Island (02o49'S., 171043'W.) would be very suspect 
since the mean temperature range (the mean high temperature minus the mean low 
ten.perature) at this station is 9CP and the absolute minimuir is 70oF. 

The second use to which statistical information may be put is in the field 
(■t correlation.  rhe principle used is this:  if one or more elements can be 
ouserved and predicted with greater accuracy than certain other elements, multiple 
correlations (usually suggested oy synodic theory or experience) may sometimes 
ue worked out oetween combinations of the two sets of elements.  When this has 
ueen done, the most probable future values of one or more of the varlaoles which 
;ire difficult to predict can pe read mechanically from a graph, which is entered 
;i t the predicted value of a more easily forecast variable.  In practice, attempts 
are made to correlate observed values of a given element with latter values of 
the same or other elements, i'nese techniques oelong in the field of so-called 
oüjective* forecasting.  Ae feel that some important research can be done in 
this field of tropical oojective forecasting.  To date, oeyond some long-range 
monsoon forecasting in India, no work of this type nas oeen done and no results 
are availaole tor reporting here.  However, the tropical forecaster might well 
be advised to experiment with the techniques, particularly in relation to the 
24-hour torecast. 

The third use for climatological knowledge is applicable to regions for 
which there is adequate statistical but very inadequate synoptic data.  Over 
much of the tropical ocean the long period over which ship observations have 
accumulated provide reasonably good statistical information, but at any one 
synoptic hour very few ships report from certain areas.  The forecaster ir.ay 
have to give an opinion on weather conditions in such areas.  The best he can 
do under the circumstances will oe to translate the statistical information, 
fortunately in many parts of the tropics and for certain elements, this method 

This method is no more objective than any other in standard use 
jective merely enters in a different way. 

the sub- 
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will be surprisingly successful.  Suppose, for example, that a mishap occurred 
to an aircraft flying between Hawaii and the coast of Peru, sp that air-sea 
rescue had to be attempted at about 8CSI 110°*.  It is extremely unlikely 
that any observations within 1,000 miles of this point would be availaole to a 
forecaster in Hawaii.  Nevertheless he could use climatological maps to estimate 
the surface conditions in the area with some confidence.  (See Pigureö 2-2, 

and 2-3.). 

In summary, the tropical forecaster should make a serious study of the 
climatology of his area of operation.  He should not only collect all the 
statistical information he can on entering a new region out continue to accu- 
mulate it during his tour of duty.  He should experiment with new ways of using 
the data in forecasting and analysi" -- a field in which great ingenuity can 
be exercised.  To this end, he should possess a loose-leaf note oook in which 
these and other data can oe accumulated and in which technical experiments can 
be accumulated and in which technical experiments can be planned and executed. 
The value of the synoptician's note-book may be dramatically revealed during 
an emergency. 

Since this is not a text-oook of climatology, no attempt will be made 
here to provide the detailed statistical information that should go into 
such a note book.  Since the techniques of tropical analysis that will be new 
to the high-latitude forecaster are those applied to the wind field (Section 
4000) and the Field of Composition (Section 5000) some very brief review 
material on the climatology of winds (Section 2200) and Weather (Section 2300) 
are included here.  The synoptician who is already thoroughly familiar with 
the general climatology of these fields may pass immediately to the analytic 

part of the work (Section 3000). 

2200. CLIMATOLOGY OP THE FltLD OF MOTION. 

Ideally, the field of motion consists of the distribution in space of the 
veljcities of air parcels with respect to the earth.  It is thus a vector field. 
Dp to the present time, climatological data are insufficient to represent the 
mean field of motion completely.  The past and present methods of measuring 
the wind direction and wind speed provide only crude approximations to the 
horizontal component of the velocity of the air parcels.  Since no statistics 
are available on the vertical motion of these parcels, the climatology of the 
field of motion can deal only with averages of the horizontal wind.  Further, 
the bulk of the available statistics in the tropics refer to winds measured at 
the surface of the earth.  In the past few years, upper level wind data have in- 
creased in volume but they are now barely sufficient to provide a very rudimen- 
tary picture of the mean motion aloft. 

2210. The Freld of Motion at the Surface of the Earth. 

Most of the climatological surface wind Information that appears in the 
following charts is derived from the oceanic regions of the tropics.  Local 
topography exercises a strong influence on the surface wind at any land sta- 
tion and large-scale topographic effects on the mean winds are evident, in 
India, Australia, Africa and Central and South America. 
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2211.     The Streamlines of the Mean Surface wind over the Oceans.  The 
surface wind distribution in the tropics nay be studied on Figure 2-2 which 
shows the streamlines of the mean surface wind for the months of July and 
January.  Here, disregarding seasonal variation, we find: 

A"subtropical anticyclonic belt" oscillating between 20 and 40 degrees 
North, and another such belt between 20 and 40 degrees South.  These belts 
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Fig.   2-2.     Streamlines  of  the Mean Surface Wind,   January (above)  and July (below) 

can be defined by imaginary lines connecting the anticyclonic centers which 
are evident in the eastern parts of the sub-tropical oceans. The centers occur 
at the surface in all oceans except the North Indian Ocean; in this region the 
centers are to oe found in the middle and upper troposphere. 
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The "trade wind belt*, or simply the "trades", located equatorward from 
the antlcyclonlc belts, approximately between 10 to 20 degrees North and 10 
to 20 degrees South.  The direction of the trades is normally from the north- 
east in the Northern Hemisphere and from the southeast in the Southern Hemi- 
sphere.  The streamlines which emanate from the subtropics appear to diverge 
widely as they travel toward the equator.  This is especially true in the 
Southern Hemisphere in January, where they appear to curve clockwise over the 
eastern parts of the oceans. 

The "eQuatorlal trough", which, although identified primarily by the mean 
pressure pattern, is indicated on the wind map by the line of convergence in 
the streamlines in the vicinity of the equator.  In the northern winter its 
position Is clearcut, but in the northern summer, it becomes more diffuse over 
the large land masses being easily located only over Africa and India. 

The regions in which the climatological terms descrloed above are roughly 
applicable, neglecting seasonal variations, are illustrated in Figure 2-3. 
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Fig.  2-3.     Hind Regimes   in  theTropics. 
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2212.  The Monsoons.  The only large deviations from the wind patterns 
outlined in Figure 2-3 stem from the topography of the continents with which 
they are associated.  Here we refer Drimarily to the monsoons over India, 
China, Africa, Australia, and parts of the Americas.  References will be made 
to monsoons in this work, but they will not be treated in any great detail 
because of their regional nature.  It is considered advisable, however, to 
acquaint the reader with what we mean by the word "monsoon".  In climatology, 
the word monsoon always refers to a seasonal wind blowing from continental 
interiors to the ocean in winter, and oppositely in summer.  The monsoons are 
most pronounced over India, where they blow from the northeast in January and 
from the southwest in July.  In India, the word has also come to mean the rainy 
season occuring from June.to September.  Before oecoming actively engaged in 
monsoon forecasting, the synoptician should familjarize himself with the latest 
local climatological information. 

2213.  The Isotachs if the Mean Surface Wind.  The isotachs associated 
with the mean streamlines (Figure 2-4) illustrate the fact that the maxima 
of the mean surface winds in the tropics are found in the trades and monsoons, 
while the minima are found along the subtropical antlcyclonlc belts and in the 
equatorial trough. 
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Fig.  2-4.     Isofachs of fhe mean surface wind in January (above)  and July (below), 

2214.  Constancy of Surface Wind Patterns.  Conclusions of practical impor- 
tance may be drawn from a study of the variability of the surface wind patterns 
in the tropics.  Of primary interest is the fact that the surface wind patterns 
in some areas are quite persistent.  The disadvantages of a sparse network of 
reporting stationb are partly overcome by the use of such information.  The 
trade winds and, in some parts of the ocean, equatorial winds, may not change 
direction by more than 20 or 30 degrees for periods of several weeks.  This 
constancy of wind direction is an important forecasting tool and should be 
used as such whenever, and wherever, possible.  To give quantitative expression 
to this information, Figure 2-5 is a plot of the constancy of the surface wind 
direction.  This is given in terms of the percentage of frequency with which 
the wind is within 45 degrees of its modal direction.  In the shaded areas the 
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Fig.   2-5.     Constancy of  the surface wind direct ion,   January (above)  and July 
(below).     The  isolines  show  the percentage  frequency with which  the 
wind  is  within 45°  of  its modal direct ion. 

wind comes from this 90 degree sector of the compass more than 80 percent of 
the time. 

The greatest constancy of wind direction is found within large sections 
of the northeasterly and southeasterly trade area of the tropical oceans, and 
the southwesterly and northeasterly monsoon area of the north Indian Ocean. 
The least constant winds are found near the centers of the mean anticyclones, 
and along the line of mean intertropical convergence.  It must not be inferred 
from Figure 2-5 that rapid changes of the wina patterns with time cannot, or 
do not, take place even in the trade area.  The hurricane or typhoon is an 
excellent example of the rapid changes in surface wind patterns which may 
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naraly affect the c1imatological statistics.  Further, there are often oiograph- 
i  or local effects, or ir.inor synoptic perturbations in the wind field, which 
temporarily affect the persistence of the wind patterns.  In light of the sta- 
tistics for the entire tropics however, these conditions may be considered the 
exception rather than the rule and to be largely confined to the regions of low 
constancy shown in Figure 2-5. 

2220.  The Field of Motion Aloft. 

The long period of observation of surface winds at sea and the high values 
of the constancy revealed by the tropical statistics make the mean maps of 
surface wind a valuable aid to the forecaster.  Unfortunately the same state- 
ment cannot be made about statistical tables or mean maps purporting to show 
the horizontal air flow above 5,000 feet.  A combination of circumstances, 
some ot which are peculiar to the tropics, make any statistical statement on 
equatorial and sub-equatorial upper winds hazardous.  These circumstances are: 

Radiosondu observations, leading to the construction of upper level 
contour maps, are of little use in delineating the wind field. The gra- 
dient wind relationship cannot be used, JO that upper level maps must be 
bused on wind observations alone. 

Rawin observing techniques are of very recent development, and even 
now are rarely used in the tropics.  Thuö, the very little data we have 
in the tropics are mainly derived from the observation of pilot balloons 
and cloud drift. 

Pilot balloons are less useful in the tropics than they are elsewhere. 
The predominant cloud is cumuliform, and, roughly speaking, the cloud 
pillars are taller in tae tropics than elsewhere.  bven with the sky 
less than half covered, pilot balloons are lost by obscuration, in most 
cases before they reach five thousand feet.  The statistics for the levels 
above five thousand feet, therefore, reflect the conditions obtaining 
during the comparatively rare periods when there is very little low cloud 
of small vertical extent.  They are thus highly selective, probably more 
so than high latitude balloon observations.  Pilot balloons are also 
selective in another way.  Since the balloon must be followed visually, 
its slant range from the observation point, even in clear weather is a 
determining factor in the heights explored.  Tropical rawins have shown 
that sometimes the lower easterlies at oceanic stations change to upper 
westerlies in the middle troposphere, with a return to easterlies again 
at   some higher level -- sometimes in other weather situations, the east- 
erlies may remain almost constant in direction up to or beyond the tropo- 
pause.  In the long run the pilot balloons will select the former situation 
giving a false picture of the mean circulation aloft. 

On the other hand, observation of the cloud drift will tend to select 
"bad weather" situations, more particularly in respect of the middle clouds. 
In this connection we may quote from Mintz and Dean ( lyal ):  "A striking 
example of this condition is shown by the observations of the winter season 
over India, as summarized in Figure 33 (reproduced here as Figure 2-6).  In 
this figure are shown, on the left, the streamlines of the mean vector wind, 
computed from pilot balloon observations at 2, 4, and 8 kilometers elevation. 
These streamlines show peninsular India to be beneath the eastern end of a 
middle troposphere anticyclone.  But on the right in the figure are shown the 
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streamlines of the mean of the cloud drift directions lor roughly the same 
heights.  These cloud drift streamlines show peninsular India to the underneath 
the western end of a middle troposphere anticyclone.  It is obvious that the 
clear weather days, which permitted pilot balloon ouservations, occurred in the 
mean with a different pattern of upper level circulation than the cloudy days". 

Meon Pilot Ballon Wind Mean  Cloud   Drift 

•ot    w 

Fig.  2-6.     Comparison  of  the direction of  the mean pilot  balloon wind and  the 
mean of  the cloud drift directions  over   India   in January. 

Since the only reason tor introducing climatological material at all in 
this work is to assist the synoptic meteorologist in preparing analyses and 
torecasts for tropical regions, we may sum up by saying that, however interest- 
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ary maps of mean flow between 150N and 15°S may be to the theorist, 
of those published .nust be treated with great caution; they are 
on pilot balloon observations and cloud drift or on "intelligent 
ived from theoretical notions of what the circulation might be. 
id cl imatological information on the tropical upper air motions is 
from instruments using radar techniques and then only under condi- 

the slant-range selectivity, due to the so-called jet stream aloft, 
not to operate.  In general this means that the information is ra- 

the belt between 15°N and 150S and to very narrow longitudinal zones 
Foleward of the belt, statistics based on inference from the upper 

erns are probably as reliable, if not more reliable, than those based 
loon observations -- at least they are independent of cloud cover. 

In view of these difficulties it is not easy to make any generalizations 
about the upper level mean circulation that will unequivocally guide the tropical 
torecaster.  The following statements, however, are, in the opinion of the authors 
likely to be confirmed when detailed rawin information for tropical regions accu- 
mulates over a sufficiently long period: 

The tropical air flow above the surface is predominantly zonal, 
that is, either westerly or easteri;.  In general the meridional com- 
ponent of the winds is about one-ten„h the zonal component and in 
many situations is much less than this. 

The meridional, that is the north-south, components tend to be 
distributed in a wave-like pattern, even more so than at the surface. 
This means that the subtropical anticycionic belt aloft is split, 
like that at the surface, into individual "cells"by the alternating 
wave-like distribution of the meridional components.  While this 
tact is easily recognized, it is more difficult to say what the mean 
location of the centers of these cells might be, especially in the 
Southern Hemisphere and especially in the high troposphere. 

The mountain chains exert their influence on the zonal flows 
to great heights.  The available evidence suggests that barriers such 
as the Andes or the Himalayas distort the flow at heights well above 
their summits.  "Orographic" effects, then, may be expected at all 
tropospheric levels, perhaps even in the stratosphere, provided the 
barriers are large enough.  The general effect of these barriers is 
to increase the meridional oscillations of the wind downstream, the 
"trough" with the largest amplitude usually lying immediately in 
the lee of the barrier. 

Since apart from large-scale orographic effects, the predominant direc- 
tions of the upper air currents are zonal there is some profit to the fore- 
caster in discussing an idealized lorth-south section through the tropical 
atmosphere, showing the distribution; of the east-west component with height 
and latitude.  Figure 2-7 is such a section.  It has been constructed upon 
information derived from many sources.  Between 150N and 150S the greatest 
weight has been given to recent rawin information, though of course, the 
older pilot balloon and cloud drift observations have also been taken into 
account.  Outside this belt, the chief source of data has been modern rawin 
observations supplemented by the fairly long radiosonde record, which through 
analysis of the mean contour fields, can provide a mean geostrophic zonal 
wind that is independent of clouu joVcr. It must b» err.pHas ized that tliiü 
section is idealized in the sense that it represents a mean taken from data 
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Fig.   2-7.     The zonal  c irculat ion   in   the   tropics   for   the  winter and  summer 
seasons. 

at all available longitudes; hence the zonal wind on any given longitude *ill 
ditter from the picture displayed on the figure.  These variations from the 
mean will be discussed in greater detail below.  For the time being it can be 
said that of all possible oceanic sections, those taken along longitudes near 
the central Pacific Ocean will resemble this picture most closely, those 
through the middle Atlantic less closely, those through the central Indian 
Ocean least closely.  Of the continental sections, that through Atrlca probably 
resembles the ideal fairly closely, though very little is known of the tropo- 
spheric levels above 20,000 feet.  The section through the Western Hemisphere 

13 



"— mmm wmmm ^mm 

2220. - 2231. 

probably ctilferb froni the ideal south ot the equator, owing to the presence of 
tue Andes.  The least likely to resemble the ideal will be that partial section 
lying north ot the equator and running through India.  The departure from the 
ideal however, will be not so riiuch in the presence or absence of the main maxima 
and minima on Figure 2-7 but in their position and intensity, and in the magni- 
tude and direction of the meridional components that accompany them.  Since the 
niaxima, minima and turning points to be described are so frequently found, not 
only on mean cross-sections along diiferent longitudes but also on synoptic 
cross-sections referring to a given observational hour, it is convenient to name 
these features.  The names here assigned will be frequently used throughout the 
text; the reader should therefore become familiar with them.  At the same time 
ive should like to insist on the point that the names have been assigned purely 
tor convenience -- no dynamical theories'are implied by them and the features 
themselves are only c -ivenient descriptive landmarks in the complex atmospheric 
jatterns, not active agents causing changes in the general circulation in some 
n.agical way. 

In applying Figure 2-7 and similar sections in his daily Wark, the tropical 
meteorologist should remember that the height scale is grossly exaggerated and 
that this can have important practical effects.  Por example, on most sections 
tne 'jet stream" maximum has an exaggerated vertical extent.  In forecasting 
upper winds the synoptician must rememuer that the position of the maximum 
has to be specified within 2, COO feet. 

The tropical tropopause is remarkably constant in height both in space and 
time, lying close to 55,000 feet over huge areas.  It is invariably marked by 
a strong, easily recognized temperature inversion.  Consequently the zonal pat- 
terns on Figure 2-7 are conveniently separated into lower tropospheric and upper 
stratospheric portions. 

2230. The Tropospheric Zonal Circulation. The chief characteristic of the 
tropospheric zonal circulation in the tropics is its relatively large seasonal 
variation, shown by the two parts of figure 2-7.  The seasonal variation is more 
marked in the Northern than in the Southern Hemisphere - note also that at corre- 
sponding seasons there is still a difference in intensity between the Northern 
and Southern hemisphere's zonal flows.  These general features are undoubtedly 
due to the difference in distribution of land and sea between the hemispheres 
und, probably, to the varying positions and elevations of the main mountain 
masses.  The manner in which these differences in topography and surface heating 
are finally realized in the general circulation, however, is not known; this 
difficult subject properly belongs to dynamic meteorology and such results as 
have been achieved in that science to date are not yet applicable to this portion 
of synoptic meteorology.  The observed seasonal and hemispheric variations of the 
zonal flows must therefore be accepted by the forecaster, without detailed explana- 
tion as the background against which he delineates the day to day changes which 
he studies.  No matter what part of the tropics becomes his sphere of operation, 
he will have to take into account the following landmarks of the zonal flow pattern. 

2231. The Westerly Jet (*j).  This is usually regarded as a high latitude 
feature and is often called the "jet stream".  Notice however, that in the mean, 
this west-wind maximum lies almost vertically above the place where the zero 
isopleth (which marks the anticyclonic axis) cuts the ground.  Hence the equator- 
ward half of the jet stream system lies within the tropics (as defined in Section 
1000).  It is, in fact, convenient to treat the vertical boundary of the tropics 
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as   passing  through the  anticyclonic  axis at the   ground  and  through  the center 
of  the westerly jet aloft.     The  hemispheric,   seasonal   and  daily  variations 
in  the  position and  intensity  of the westerly jet  are  sufficiently well known 
to  the high  latitude  forecaster so  that  this knowledge may  be  assumed 
throughout  the  text.     In  passing,   however,   it should   be  emphasized  that very 
large  variations  in the  position  of  the Northern Hemispheric jet  are  found 
in   the  Asiatic sector.     Sometimes,   for long periods,   tne jet  lies south of 
the Himalayas;     similarly,   it  may  appear  to be   "split"   by  that mountain 
barrier,   one maximum  lying north of  Tibet,   the  other  south.     This  splitting 
is  probably  topographic   in  origin,   and  thus  is  distinct  from  the  splitting 
sometimes  observed over  the  oceans,   a  feature  probably  due  to some kind of 
traveling    disturbance   in   the  middle  troposphere. 

2232.     The Anticyclonic  Axis   (A), 
distinguish on all  cross-sections  or  eve 
it  has  long  been discussed   in  the   litera 
defined  as   the« zero  isopleth   separating 
(whether  there  be a definite  jet  or  not) 
equatorial   easterlies.     On  contour maps, 
course  of   tropospheric   Isobars,   this   iso 
ridge   of  maximum  elevation  of   the  contou 
called  the   "base of the  westerlies"  and 
day  to day  over a station  should  oe  care 
that   station   for  indications   of   impendin 
situation. 

This  is  a  convenient  Isopleth  to 
n on  individual   horizontal  maps  since 
ture  of  tropical   meteorology.     It   is 
the higher  latitude  westerlies 

from  the   equatorial   and   the  sub- 
and on  cross-sections  showing  the 

pleth  will   lie   very   close   to the 
rs.     The   isopleth  also   is   frequently 
the variations  In  its elevation  from 
fully watched  by   the  forecasters  In 
g changes   In  the   local  synoptic 

Note  that  the anticyclonic axes  of the  two hemispheres  slope markedly 
with  height toward the  equator  in  the  lower troposphere.     They  approach one 
another most  closely  In   the   region   between  30,000  and  40,000   feet,   above 
which height they depart  again   for higher  latitudes.     The  slope  toward  the 
pole   Is very marked  In   the  neighborhood of  the  tropopause,   so  that at quite 
high   latitudes a  thin  layer  of  comparatively strong easterlies  is  often  found 
just   below  and at  the  tropopause.     in  both hemispheres  In  the winter the anti- 
cyclonic axis  is almost  vertical   between  25,000 and 50,000  feet.     This  tend- 
ency  Is most marked over fcast  Asia  and the neighboring ocean,   during the 
prevalence  of the north-east  monsoon.     On some occasions   the axis  is vertical 
from  about  10,000  feet  to 40,000  feet.     Probably  the  same  effect exists  in 
other  continental  regions,   particularly along east coasts,   but  there are not 
sufficient  observations   to verify  this. 

2233.     The Trade-wind Maximum   (ET).     This  is  a very  important  feature  of 
the   lowest   layers of  the  tropospheric circulation  over  the oceans.     Its  re- 
flection at  the surface   is  apparent  on  figure 2-4.     Owing  to  the  effect of 
surface  friction,   however,   the absolute maximum  in  this   lower easterly  branch 
of  the  circulation  is  situated  some   little distance  above  ground.     Roughly 
speaking,   one may expect  to  find  the maximum  lower easterlies near the  I5th 
parallel  and at 5,000  feet.     Note  that in  the Southern Hemisphere  the maxi- 
mum   retreats  almost  to   20°S.   in   the   summer and  advances  close   to  10oS.   in 
winter.     In  the Northern Hemisphere  the section  would   indicate  that   the 
trade  maximum is  practically  non-existent  in summer.     This   is  attributable, 
however,   to  the  inclusion  of  continental  statistics  In   the mean.     Over the 
continents,   this  trade  maximum does not exist,   being  supplanted  by the monsoons; 
over  the sea,   however,   the  trade maximum will   be   found.     In  this   respect, 
the Southern Hemispheric  isopleths  are more  representative  of oceanic 
conditions. 
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Note   that   in  all  seasons the  trades  decrease  in  intensity   between   10,000 
feet  and   auout  25,000   feet.     The  minimum   easterly  over  the  surface   trade  max- 
imum  is  usually   found at aoout 20,000   feet,   close to the  500 mb  surface. 
Jetween   the  anticyclonic axes of  the   two  hemispheres at 500 mb,   in  tact,   the 

mean wind  patterns  are  very  indefinite  and  the  wind speeds   very  weak.   This 
also  is   frequently   found  to  be   the   case  on   synoptic  500  mb maps.   It   is  ex- 
tremely   unfortunate   for  tropical   meteorology   that  the  500  mb  map  has   become 
almost  standard  tor so-called upper air  analysis.   The  tropical   contours  are 
so  flat   in   this  transition  level   and  the  winds  so  variable  that   forecasters 
have  great  difficulty   in keeping continuity  or  even  in drawing,   on  some occa- 
sions,   any   pattern  at all.   In contrast  the  ö50  mb and surface maps are  usual- 
ly   fairly   easy   to  analyze  and  the   patterns   at  300  and  200  mb  again   üecorae 
more   definite.   The  sections  illustrate   that,   of  all   tropospheric   levels   those 
at  30,000   and  40,000   feet  will   show,   in   the  mean,   the   greatest   contrasts   in 
zonal   wind   speed  and  hence,   with   adequate   data,   will   be  the   easiest  to-analyze. 

2234.      The   Easterly  Jet   {£,).     This   is   rather  an  unfortunate   term,   since 
it  mit;ht   mislead   the   forecaster  into   supposing  that  very  high   wind  speeds  are 
frequently   to   be   found   in   this  east-wind  maximum  on  all   longitudes.   However, 
the  term  has  recently  been  introduced  into   the  literature on  the   basis of 
studies  of  upper  tropospheric winds   in  Africa  and bouth-east Asia,   and  is prob- 
aDly    here   to stay.     These  "jets"  must  not  oe confused with  the  trade  wind 
maxima,   which  are  almost always separated  from   the jets  by  the   transition  lay- 
er near  20,000  feet  as  already nentioned.   further,   it  is highly   probable  that 
these  upper   easterly  maxima are   to   be  attributed  to  the  dynamic   effects   of 
strong  radiational   cooling in  the  upper  tropical   troposphere,   a  cooling  that 
sometimes   results  in  temperatures  as   low  as  -91     C ceing recorded at  the  trop- 
ical  tropopause;   the  easterlies of  the   trade  winds cannot  be  explained  in  this 
way. 

The  easterly jet is  best  developed   in   the summar  hemisphere.   The 
sections  overemphasize  this variation,   however,   chiefly  because  continental 
statistics  have   been  included.     Over Southeast Asia and Central  Africa   (and to 
a    lesser  degree  over Australia)   very  high  east  winds  in the  easterly  jet  re- 
gion may   persist   for  days or weeks.   Speeds   in  excess of 60 knots  are  not  uncom- 
mon.   The  only  oceanic  section that  clearly  shows  the jets  is  that  across  the 
Central  Pacific.   Here  the  seasonal   variation,   and  the extreme  speeds   reached 
on occasion  are  not nearly as  great.   Very   little  information  is  available  from 
the  Atlantic.     The  most  recent statistics  are   those derived  from  the  German 
"Meteor"   expedition,   1925-1927.     These  statistics  indicate  that  westerly  winds 
are  frequently   found  at these altitudes  even on  the  equator.   However,   all   the 
observations  were  made  by  pilot  balloon  and  very   few  (by comparison with  rawin- 
sonde)    reached   these  levels over  the   two year  period.     The selectivity  of the 
pilot  balloon  undoubtedly operated  to make  the   "Meteor"  results  statistically 
represent   the  common   "equatorial  westerly"   situation   to be described  in  the 
next section.     On  the  other hand,   one  must  conclude  from the   "Meteor"   results 
that  the  easterly  jets  over the atlantic  do not  reach the strength  of  those 
over    Central   Africa  and Southeast  Asia. 

2235.     The  Equatorial  Minimum.   (M).     Despite  large seasonal   variations, 
the zonal   circulation shown on Figure 2-7  has a qualitative symmetry.   There 
are  two westerly  jets,   two  easterly  jets  and  two  trade wind maxima.   Between 
the  trade  wind maxima  in  the  lower  layers,   and  between  the easterly Jets  aloft 
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lies a region of minimum east wind which acts roughly as a quasi-vertical 
axis of symmetry; this separates the regions of maximum zonal flow in one 
hemisphere from those in the other.  Th'is region has been given many names 
during the past two centuries.  At the surface it was first knuwn as the 
"doldrums", a term still in common use but largely supplanted among syn- 
optic meteorologists by names like "equatorial front", "intertropical 
front", "intertropical convergence zone", all of which imply some theory 
concerning the origin and maintenance of the surface wind speed minimum. 
These terms also have been applied to the minimum aloft, especially the 
names which imply that the speed minimum is a sloping frontal surface. 
For some time the term "meteorological equator" seemed to fulfi'i the 
requirements for a non-commital term, distinguishing the whole system both 
at the surface and aloft, from the geographical equator.  However, the 
concept became confused in the minds of some meteorologists with the so- 
called heat equator and thus became loaded with theoretical implications. 
So, we are forced to use the clumsy term "equatorial minimum" or "equator- 
ial wind speed minimum" to avoid theoretical implications, even though at 
high levels, in the stratosphere, the axis of symmetry is marked, not by 
wind speed minima, but by maxima, westerly below and easterly above. 

The leading characteristic of the equatorial minimum is not so much 
the low wind speeds but the variability both in speed and direction of 
the winds in its neighborhood.  This was also the leading feature of the 
classical description of the surface doldrums - we now find that the same 
properties belong to the region aloft.  The statistical representation of 
the axis in the troposphere, shown in figure 2-7, then, is not to be re- 
garded too seriously.  On certain longitudes and in certain seasons, one 
may find the axis marked, not by weak easterly winds, but by moderate west 
winds; moreover, sometimes these west winds may be found close to the surface, 
being overlaid by weak easterlies aloft, or, on other longitudes, these 
"equatorial westerlies" may be present aloft, superimposed on weak easter- 
lies- below.  It has recently been found that, in the same month and the 
same locality, the winds in the equatorial minimum above 20,000 feet may 
be, in the mean, exactly opposite in direction in two different years. 
Before any statement can be made about the mean wind directions «loft in 
this region, it will be necessary to collect rawin data extending over 
many years.  In the meantime, the forecaster has the valuable information 
that, in contrast to other parts of the tropical zonal circnl.tion, this 
equatorial minimum is a highly variable region, the seat of many disturb- 
ances of synoptic Importance - not only at the surface, as has long been 
known, but also aloft, even up to the tropopause. 

2240. The Stratospheric Zonal Circulation: The chief characteristic 
of the stratospheric zonal circulation in the tropics is its small season- 
al variation. The steadiness of the wind in the two main maxima over the 
equator is quite astonishing, exceeding that of the surface trades for 
months at a time. On the other hand the heights at which these maxima are 
found, and their intensity, vary from year to year, suggesting long-period 
variations in the stratospheric circulation. 

Normally, the tropical synoptlclan is not required to forecast changes 
in the stratospheric circulation.  Further, much less is known about this 
region than about the troposphere.  However, for interest, and to give a 
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tentative picture of the present state of research in this field the follow- 
ing quotation froni a recent paper (Palmer 1.954) on the suoject is presented. 

"Knowledge of the tropical stratospheric circulation begins ön 21 August 
1883, *hen the great volcanic eruption of Krakatoa (6° 9' S., 105° 22' E. ) 
ulew a cloud ot tine dust through the sub-equatorial tropopause.  The main 
Dody ot the cloud lay initially at 32 Km. (105,000 feet, 9 iTib.); by the early 
part of September, it had descended to 25 km. (75,000 feet, 35 mb.) and it 
remained near that level until late November 1883 (Pernter, 1889).  Wexler's 
(1951) excellent suiMiary of its history states '  the main body of the 
cloud moved trom east to west at an average speed of 73 miles per hour, com- 
pleting at least two circuits of the earth in equatorial latitudes.'  Although 
until very recently, extensive data suitable for statistical analysis have been 
lacking, most of the sporadic observations in the past 60 years that refer to 
the 30 km. level in sub-equatorial and equatorial regions have confirmed the 
existence ot the 'Krakatoa winds' ( a term due to Van Bemmelen 1924) as a per- 
sistent part of the general stratospheric circulation (E^)  this general 
atmospheric motion may be defined as (1) confined to the tropics, being pre- 
valent usually oetween 1D°N and 15cb;  (2) predominantly zonal, from the east; 
(3) of high speed, varying about 30 m/s; (4) prevalent on all longitudes so tar 
explored  ; and (5) prevalent from at least 30 km. to as high as the high- 
est balloon soundings extend, which may be taken as about 40 km  Van 
Bemmelen not only identified the Krakatoa winds as part of the general circu- 
lation but also described what he called the 'hoher westwind' already mentioned; 
this system was first observed near Central Africa in 1909 by Serson.... they 
will be called the derson westerlies (Wy).  Since they occur at stratospheric 
levels lower than those of the Krakatoa winds, much more is known about them. 
They constitute a narrow ' thread' of steady west winds whose axis lies at 
about ^"N. , and whose base usually lies near 20 kiii.; the upper transition to 
the krakatoa winds varies from month to month and year to year.  Latitudinally, 
the westerlies rarnly extend more than 7° on either side of 20North, and often 
the thread is much narrower than this.  iney are, however, worldwide, extend- 
ing, like the Krakatoa winds, as a ring around the equator.  The atomic test 
data show their presence (Palmer 1951b; Korshover 1954 a,b); they have recent- 
ly been reported from Singapore (May, 1953); their prevalence near the equator 
in Italian Somaliland has been suspected for some time (Bossolasco 1949).  In 
the Pacific, it is now known that they extend at least as tar as Palmyra and 
Canton Island (Palmer 1951b), near longitude lb0oW.  Information from equator- 
ial America, unfortunately, is still lacking, but their presence over the 
equatorial Atlantic is suggested by one of the cross-sections Vuorela (1950)." 

2250.  Transition Levels of the Tropical Upper Air.  Detailed climatolo- 
gical studies of the upper winds in the Marshall Islands are now available 
(Palmer 1951D, Korshover 1954 a,b).  These studies were made possible by the 
availability of data from the recent atomic testing periods in the Pacific, 
and they are considered to be the most comprehensive study of this kind ever 
attempted in the tropics.  Naturally, these studies cover only a small area, 
not much larger than the United States, but there are certain facts and corre- 
lations that may be drawn from them that appear to apply to the tropics general- 
ly.  Une of the most important ot these concerns the steadiness of the upper 
winds.  Figure 2-8 constitutes a cross-section of four stations in the Marshall 
Island area and illustrates the steadiness of the upper winds at Kusaie, Kwaj- 
alein, fcniwetok and Äake. 
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The steadiness of the wind is defined as the ratio of the speed of the 
resultant mean wind to the mean wind speed irrespective of direction.  Thus, 
If the wind always blows from the same direction, the steadiness Is 100^. 
At each station, two curves (October 1952 and February 1954) are presented. 
At first glance, the curves seem to have little if any similarity, excepting 
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t\g%  2-8.     Constancy of the upper winds  near  165" E.,   in percent. 

the curves in the troposphere at Eniwetok.  Clos 
important facts: 

The 30,000 foot level at Kusale shows 
compared with 86%  in February»  This clearl 
the variation in steadiness which can occur 

The curves between 20,000 feet and 50, 
nlficant in that they Indicate how the leve 
ness, are apt to change with time. 

The curves at Eniwetok are similar in 
marked change In both height and percentage 
sphere (between 55,000 and 90,000 feet) occ 

The curves at Wake are presented prima 
changes In steadiness below 10,000 feet tha 
mally occupied by the trades. 

er Inspection reveals several 

10% steadiness in October, as 
y illustrates the magnitude of 
in the middle troposphere, 

000 feet at Kwajalein are slg- 
1s of steadiness, or unsteadi- 

the troposphere, but the most 
of steadiness in the strato- 

urs here. 
rlly to point out the marked 
t can occur In a region nor- 

In summary, the maximum or minimum steadiness of the winds, in the cen- 
tral tropical Pacific at least, do not consistently lie at any particular 
level in the atmosphere. 
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The meteorologist first faced with the problem of analysis and forecast- 
ing of upper winds at one or ^wo standard levels in the tropics is often 
appalled at the apparent unsteadiness of these winds.  If he ia accustomed to 
notions of continuity applicable to analysis and prognosis of winds at stand- 
ard levels in middle latitudes, he can see little rhyme or reason to the changes 
of wind direction and speed that may suddenly occur at similar levels in the 
tropical upper air.  The tropical forecaster now recognizes these rapid changes 
of wind direction and wind speed to be associated with the "shear"or "tran- 
sition" level between two separate and distinct wind circulations, one over- 
lying the other.  In the tropics, these wind circulations are usually defined 
in their zonal sense, as easterlies or westerlies; of course, meridional com- 
ponents also exist.  The zonal component of the wind at Kusale, shown on the 
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Fig.  Z-9.     Zonal  component of  the wind fit Kusaie   in knots.   October  1952  (solid) 
and February  1954  (dashed),  at  left.     Steadiness  of the wind at 
Kusaie  in per cent.   October  1952  (solid).   February  1954  (dashed),   at 
r ight. 

left  of   figure  2-9,   illustrates   these  shear   levels  and   wind   circulations  very 
distinctly.     Here   the   zonal   component of   the  mean  wind   shifts   from  easterly 
to  westerly,   or  vice-versa,   at  points  B,   D,   f,   Y  and  P. 

The  wind circulations  over  restricted  regions  then  have  a  "layer-like" 
appearance.     Each   layer   will   appear   to have   fairly   strong winds  blowing   from 
a  nearly  uniform direction.     (This direction may  change  with  time,   and the 
implication  that winds  of  a  given  direction  are  always  to be   found at a  given 
level  is  not  intended).     In  the center,   or core,   of  each   layer,   Illustrated 
oy   points A,   U,   C,   V,   X,   E,   G  and  Z,   we usually  find   the  highest wind  speed 
values.     The  layers can   be   quite  persistent,   often   being present at varying 
levels  over a specific   area,   throughout  the  entire  year,   and  both  these   layers 
and  the   transition   levels  may   become evident when  comparing  reports  from air- 
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craft flying along a fixed route, but at levels that differ as little as 
1,000 feet.  When plotted together, the reports show a jumble of wind di- 
rections, but when separated according to the height of the aircraft, the 
winds are likely to show different, but consistent, patterns of the wind 
flow (see section 4620).  The nearby rawins will indicate that the flight 
levels of the aircraft are within the zone of transition. 

A final correlation may be drawn by further examining the graphs in 
figure 2-9.  When compared, these graphs point out two very useful features: 

The coincidence of high values of steadiness is tound at the same 
levels in the atmosphere as the corresponding high values of the zonal 
component of the wind.  This is demonstrated when comparing points A 
with A' , U with U', C with C , V with V, X with X', and E with E'. 

The coincidence of low values of steadiness is found at the same 
levels in the atmosphere as the corresponding low values of the zonal 
component of the wind.  This is demonstrated when comparing points B 
with B', Li with D', W with W', If with If' and F with P'. 

Briefly, then, the comparative zonal wind speeds are indicative of the 
levels of steadiness and unsteadiness of the winds in the tropical atmosphere 
Such information may be used to advantage by the forecaster in determining 
those levels of the atmosphere where the winds will more clearly represent 
the upper wind patterns. 

2300. CLIMATOLOGY OP THE FIELD OP COMPOSITION 

The phrase "field of composition" is adapted to replace a term from a 
publication by V. Bjerknes (1911) in which he used the phrase, "field of 
humidity".  This field included all of the meteorological elements such- as 
cloud, precipitation, visibility and dewpoint, most of which depend on the 
distribution of water substance and which the modern meteorologist loosely 
terms "weather".  Since that time, the word "humidity" has acquired a more 
specific meaning and is no longer used in the sense that it refers to these 
many forms of water substance.  It was for this reason that we described 
this field as the "field of composition".  Specifically, it is meant to in- 
clude all of the meteorological elements indicating the presence of water 
substance in any of its three states of: 

Liquid, (rainfall, cloud forms and fog) 
Solid, (ice crystals in various forms) 
Vapor, (dewpoint, mixing ratio and relative humidity) 

and the polution of the air during its movement over water surfaces (salt 
particles), and land surfaces (dust, smoke and other foreign particles). 

In contrast to the field of motion, a great deal of information regard- 
ing the field of composition in the tropics is available to the statistician. 
Most of this information, which has been observed and recorded since the 
middle of the nineteenth century, is in the form of statistics on cloud 
structure and cloud cover, precipitation, visibility and dewpoint, as ob- 
served from the surface of the earth.  In comparison, much less is known 
about the moisture distribution in the upper air.  Convection in the tropics 
is highly cellular.  Radiosonde flights through convective clouds will pro- 
vide different data from those taken in the adjacent subsiding layers and 
neither will be representative of the mean stratification.  In view of these 
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deficiencies,   the  distribution of moisture  aloft,   presented here,   will  not 
be   considered  entirely   representative. 

The United States  Weather Bureau,   in   1938,   published an excellent set 
of  climatological   charts  showing the seasonal   cloud  distribution over  the 
oceans.     These charts  were  based upon more  than  5Vi million ship observations 
taken  over  a   period   of   50  years,   and  they   still   constitute  the  most  compre- 
hensive work  of  this  nature   in  existence.     Many  of  th(    r.iarts will   be  pre- 
sented  in  this section   In a modified  form.     The  modification deals  only with 
the  method  of presentation;     the  data remain  the  same. 

Since  most of   the   tropical  atmosphere   lies  over water,   the charts may 
be  considered  representative  of the  greater  portion  of  the tropics.     It  is 
unfortunate  that  similar  charts have not  been  compiled  for all   land  areas. 
In  some cases,   statistics have  been available   for   both   land and water areas, 
and   these  have  been   included wherever possible. 

2310.     Tropical   Cloud Distribution.     A  popular  conception of the  cloud 
distribution in tb 
factory incessantl 
tropopause, rise t 
All types of high, 
some are reported 
often present ever 
more common in the 
except for such pi 
Amazon Valley and 
tlonal cloud, rath 
are known to repor 
in  one or another 

a  tropics   pictures  the  equatorial   regions as  a tremendous 
y   producing  cumulonimbi  which,   because  of the height of   the 
o  spectacular heights.     This   Is  true  only of certain  regions. 
middle and  low clouds  are   present  In   tropical regions; 

infrequently,   while others,   in  certain  localities,   are 
y  day   of  the year.     The   record  shows  that cumulonimbi  are 

tropics  than  in polar  regions,   but  It  also shows  that, 
aces  as Central  Africa,   Southeast  Asia and  Indonesia,   the 
the  Southern United States,   the  cumulonimbus  is the  excep- 
er  toan  the  most common.     In   fact,   certain equatorial regions 
t  fe«.   If any,   cumulonimbi  throughout  the year.     Cumulus, 
of  its   mahy   forms,   is  the  predominant  tropical cloud. 

The 
latitudes 
oceans an 
islands u 
tropical 
tropical 
graphic c 
Ing  ocean 
Inversion 
markedly, 
vertical 
variety  o 
fronts an 
with  only 
those  ove 

climatology of 
, may be divide 
d, (2) cllmatol 
pon the type an 
oceanic regions 
air, with its g 
loud with even 
ic cloudiness 1 

The moisture 
and the strong 

extent and deve 
f air masses of 
d  clouds   that  1 
the basic dlff 

r water surface 

the   tropical  clouds,   like  those  In middle and high 
d  into two parts;    (1)   climatology of clouds  over  the 
ogy  of clouds over  land.     The orographlc effect of 
d  form of cloud cover  Is  even more pronounced  in  the 

than  elsewhere.     The  higher mean  temperatures of 
reater capacity  to  hold  water vapor,   results   in oro- 
the  slightest  forced   lifting.     Another  factor  govern- 
n  the  tropics is  the  strength and height of   the  trade 
content of  the air above  the  trade  inversion  decreases 
stability at  the  inversion  effectively  limits  the 

lopment of the clouds.     Finally,   the absence  of a 
different origin  eliminates  the  association   between 

s so  pronounced at higher  latitudes and leaves us 
erences between the  air  mass  clouds over land and 
s. 

2311, Mean Cloudiness.      Cloudiness is  measured  in   terms of the  amount 
of sky covered  by  clouds  as  seen  by an observer  at   the  surface of the  earth. 
Until   recently,   it  has  usually  been  represented  in   tenths  of the total  area 
of  the sky.     This  must   be  remembered  in  interpreting mean values of  cloudi- 
ness,   thus,   If a station   is  either completely  cloudless  half of the  time  and 
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completely overcast (10/10ths) the rest of the time, the mean value will be 
near 5/10ths, 3ven though this value may occur infrequently, if at all.  The 
mean cloudiness, then, cannot be used uncritically as a forecasting aid. 
The frequency of occurrence of each amount of sky cover is, if available, 
a much more valuable aid (see section 2100). 

The latitudinal distribution of mean 
in table 2-1.  Here, it is clear that a ma 

LATITUDE 
1 

5Cr-4CH140'-30* 30»-2O' 20*-10* lO'-O" 

I                             NORTHERN    HEMISPHERE 

1       OCEAN 66     1    52 49          53 53   1 
[       LAND 50     1    40 34 40 52 
i       MEAN 56          45    |     41 i     47   J 53 
!                            SOUTHERN     HEMISPHERE                                    1 

OCEAN 67     1    57     '     53     '    49 50   1 
LAND 58 48          38          46 56 
MEAN 66 54    1     48    ,     48    | 52   | 

Table 2-1. Annual means of ihe cloud- 
iness, in per cent. (After 
C.E.P.   Brooks) 

cloudiness in the tropics is shown 
ximum of cloudiness occurs in the 
immediate vicinity of the equator 
near the normal position of the 
equatorial trough, while a min- 
imum occurs near 25° North and 
South, near the latitude normally 
occupied by the sub-tropical 
anticyclonic belt.  The principal 
maximum of cloudiness occurs at 
higher latitudes, and thia is 
due primarily to frontal cloud 
systems well beyond the normal 
tropical limits. 

Maps of the distribution of 
cloudiness over the earth during 
January and July are shown in 
figure 2-10.  These maps show the 

mean cloudiness for those months in tenths. 

vn     ten   tot 

cot    HOI     »vi     »oi     «•      iww    Mm    ncm    «xm iv*      v      «oi     «A     «oi   ten 

tvm       v       JOI     «oi      vn   wt 

Fig.    2-10.    liean cloudiness  for January (above)  and July (below)   in tenths. 
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Figure   2-10   has   the   following   features  of   interest  to  the   forecaster: 
As   in   tadle   2-1,   the   maximum  cloudiness   is   found  along   the   equator, 

and   the   minimum   is   found  along   the   sub-tropical   anticyclonic   belts. 
Cloudiness  on   the  whole   is   greater  over   the  oceans   than   over  land. 
The   latitudinal   distribution  of   cloud  roughly   parallels   that  of   pre- 

cipitation,   as  shown   in   figure   2-17. 
The   seasonal   variation   of   cloudiness   can   be  very   pronounced   in   areas 

affected   by   monsoons. 

2312. Distribution of High (Cirriform) Clouds. Prior to the "jet age", 
the presence of high clouds was a matter of theoretical interest, but it pre- 
sented   no  hazard   to  normal   aircraft   operations. 

The current   operating   level   of   jet-type   aircraft  in   the   tropics   has  now 
surpassed  30,000   feet,   and,   since   the   average   height  of  the  cirriform  clouds 
in   the   tropics   lies   roughly   between   30,000  and  40,000  feet,   the   forecaster 
now  has   to   predict   their  distribution.      The   first  question   is,   of   course, 
"What   is   the   seasonal   distribution   of   these  clouds?".     Figure  2-11   shows   the 
average   frequency   of   high  cloud  cover  over   the   oceans  for  the   winter   and   sum- 
mer  seasons,    in   per  cent.     Here,   no   attempt   is   made   to  separate   the   various 

•o*w    Km 

«x   io-t     «ot     I*O*I      '«o*c     'Wi     mi*      tov    rton«     120^*     ioo**     ww     ww      «crw    20'w      (r  zee       4ot      to^sof 
—* -T   -rr-     jt~-     ---T r       1 1 -t-- 7 r ■'■i,,,"Tfl   1  v»"l      l"""! ■TTCrv T ^"     ' I4< 

«•i   Kn      wt ^ ' '2Qn     AVI     *<ri      no»      iww     wr*     w*     ocrw    vm    «o*«      40**    2(m       o»       ivt     «t      ten   ten 

Fig.    2-11,     Average  frequency of high clouds   (cirrus,  cirrostrafus  and cirro- 
cumulus)   for the seasons'.     December.  January and February (above), 
June,   July and August   (below), in percent, 

forms of cirrus.  Instead, they have all been grouped together and presented 
as a single type of cloud.  Also, the values indicated in this figure are 
probably suspect, cince the statistics were based upon observations taken at 
Greenwich Meridian Noon time.  This moans that many observations in the Pacif- 
ic were taken in darkness, and certain forms of cirrus are extremely difficult 
to observe at night.  Further, this distribution is conditioned by the amount 
of low cloud cover.  Obviously, if the sky is covered with low clouds, even a 
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cirrostratus overcast would not be visible to an observer on the ground 

and consequently would not be reported.. 

Figure 2-11 indicates four climatological features: 
Cirriform clouds in varying amounts are found everywhere in the 

oceanic tropics. 
Isolated maxima of high cloudiness are found near the equator, 

some of which may be attributed to the prevalence of the anvil tops 
of cumulonimbus clouds. 

Cirrus is found more frequently over the tropical Atlantic and 
Indian Oceans than over the tropical Pacific.  This does not agree 
with synoptic experience;  it is probably the result of compiling the 
statistics only from observations taken at 1200 üCT (night in the Pacific) 

An overall seasonal variation of high cloudiness is not-evident 
in the tropics.  Certain localities, such as Northern Australia, the 
South Indian Ocean and the west coast of Africa, experience seasonal 
changes, but these are not large enough to be considered representative 
of the tropics as a whole. 

2313.  Distribution of Middle Clouds.  All varieties of altostratus and 
altocumulus clouds will be classified as middle clouds in this section.  Fig- 
ure 2-12 will give the reader an idea of the frequency of occurrence of these 
clouds in the winter and summer seasons.  As with the cirriform clouds, the 

•o^   •<«     loot    wi      !*gt     ggi     «o*       *o^     *o*> vm     w«      4<n« o«        vrt      «ff       ten    tot 

29"« B. 

ten  tin     *xn     an    »vt     iwi o*      tot     «on      «ot   wo* 

Kft     tot        lOQn       iZO*! 1*0*1 

ten   ten     wn     ijce     '«ct w      «o*»'    i«r«    "ito-«   ~«<n     tern    ten       *ert     ler* 

Fig.  2-12.     Average  frequency of middle cloud  types (a Ifostrafus and alto- 
cumulus)   for the seasons.     December,   January and February (above) 
and June.   July and August   (below),  in percent. 

percentage frequency with which middle clouds are reported may be somewhat 
low.  This is due, primarily, to the inability of the observer t> report 
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these clouds when the sky is covered with lower clouds.  The main climatic 
features of thy middle clouds are: 

Middle clouds are likely to be found everywhere in the tropics and 
in any season of the year. 

No appreciable seasonal variation occurs in the global distribution. 
No pronounced minimum or maximum of middle cloudiness Is evident 

along any particular latitude in the tropics. 
A slight tendency exists for minima and maxima to occur along cer- 

tain meridians in the Central Atlantic and the Eastern Pacific Oceans. 

2314.  Distribution of Low Clouds.  The final cloud category is that of 
the low clouds.  This includes the many forms of cumulus and stratus whose 
bases are usually found below 10,000 feet.  Because of the marked differences 
in the mode of formation and the appearance of the different varieties of low 
clouds, they have been separated into three primary categories; (1) cumulus, 
(2) stratus and stratocumulus, and (3) cumulonimbus. 

Of all forms of cloudiness, the low cloud still commands the greater 
portion of the forecaster's attention.  In many tropical areas, an increase, 
decrease or change in form of low cloudiness is often an indication that the 
"normal" weather and cloud pattern will be disturbed.  Since the most pre- 
dominant clouds are the low clouds, importance is usually placed upon fore- 
casts of their distribution, amount and thickness.  The pilot, especially, is 
still concerned with low clouds and their attendant precipitation. 

It is not uncommon for the bases of cumuli and cumulonlmbi to decrease 
a thousand feet or more while precipitation Is in progress.  Even In oceanic 
regions in the tropics, ceilings during precipitation are often reported below 
one thousand feet MSL.  This lowering of cloud base, when combined with the 
usual poor visibility in moderate or heavy precipitation, still presents a 
definite hazard to the pilot making visual approaches and landings. 

The average frequency of the occurrence of cumulus clouds over the trop- 
ical oceans for the winter and summer seasons is presented on the next page 
in figure 2-13.  The reader is cautioned to remember that the data presented 
in figure 2-13 do not include the distribution of cumulonlmbi.  A separate 
figure, (Figure 2-14) shows the frequency of occurrence of cumulonlmbi. 

Cumulus is the predominant cloud in the tropics.  In fact, its average 
frequency Is significantly greater here than anywhere on earth.  In some 
tropical areas, cumulus clouds are present almost every day of the year. 

Figure 2-13 shows that cumulus clouds occur more frequently In the Atlan- 
tic and Indian Oceans than in the Pacific, but, on synoptic grounds, this 
indication Is suspect.  Some evidence exists that local increases in frequency 
of these clouds, In the tropics, tend to correspond to the seasonal shifts of 
the equatorial trough line, but this is not enough to change the locations 
of the larger minima and maxima.  The remainder of the seasonal changes are 
largely local in nature.  The east coast of Africa, northwest of Madagascar, 
shows just such a change.  Here, the percentage frequency increases from less 
than twenty per cent in winter to over fifty per cnt in summer. 
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f/9. 2-13.    Average frequency of cumulus clouds  for the seasons.    Dec, 
Jan.,  Feb..   (above)  and Jun.,  Jul.,   Aug.,   (below), in percent. 

The  average   frequency  of cuoiulonimtuis  over the  tropical  oceans   for the 
winter and summer seasons  is presented in figure  2-14.     Over  the open  ocean 
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Fig.  2-14.    Average frequency of cumulonimbus clouds  for  the seasons. 
Dec,  Jan.,   Feb.,   (above) and Jun.,  Jul.,  Aug..   (below),in percent 
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cumulonlmbl are most often found in the vicinity of tropical disturbances, 
while near and over the larger islands or land masses they are orographical- 
ly produced.  Figure 2-14 emphasizes the point that cumulonimbus clouds can 
be found everywhere in the tropics.  The tropical Atlantic Ocean, however, 
shows remarkably few cumulonimbi in comparison to the other tropical oceans. 
The Central and Western Pacific Ocean shows the greatest frequency through- 
out the year.  This maximum in the Pacific shows a remarkable relation to 
the average tracks of storms and typhoons (Figure 7-8 ).  This is especially 
noticeable in the Western Pacific in summer, where the frequency shows a 
marked increase along latitude 100N.  To some extent, the same association 
with storm tracks is present in the South-central Pacific Ocean and in the 
Caribbean.  The lack of seasonal variation of cumulonimbus clouds is not 
nearly as evident as with the cumulus, as shown in figure 2-13.  For example, 
the occurrence of cumulonimbi in the Indian Ocean appears to be proportion- 
al to the development of the monsoon.  In the Pacific, a definite muximum 
occurs in both hemispheres in the summei season.  Central America and the 
adjacent oceans show cumulonimbi occuring twice as often in summer as in 
winter.  The seasonal changes in the tropical Atlantic are considered to be 
insignificant. 

The average frequency of stratus and stratocumulus over the tropical 
oceans for the winter and summer seasons is presented in figure 2-15. 

tat   fSH     «wt    «on 

tm  «n     oo*     iion    Mt 

Fig.  2-15.    Average frequency of stratus and stratocumulus  for the seasons. 
Dec,  Jan.,  Feb.,   (above) and Jun.,  Jul.,  Aug.,  (below), in percent. 

Because of their similarity, stratus and stratocumulus have been grouped to- 
gether.  The figure shows that these clouds are rare in the tropics.  The 
small percentage frequency may be considered an overall minimum, since the 
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shaded areas Indicating over 20 per cent frequency occur at higher latitudes 
and effectively surround the tropics.  In low latitudes, these clouds usual- 
ly occur in conjunction with cumulonimbus and cumulus-congestus, mostly in 
patches;  they hardly ever cover the sky from horizon to horizon.  At higher 
tropical latitudes, forms of stratocumulus are sometimes associated with 
frontal structures that have penetrated the edge of the tropics.  In such 
cases, the normal trade winds are disrupted, and the air masses involved 
are not truly tropical.  The last significant feature shown by figure 2-15 
is the lack of any seasonal effect upon the occurrence of these clouds. 

2320.  Tropical Rainfall Distribution.  The general belief that frequent 
and heavy precipitation is one of the major characteristics of the tropics 
is only partially true.  While it is a fact that the tropics as a whole re- 
ceive more rainfall than other portions of the earth, the climatological 
record also shows that the annual amount of rainfall within its boundaries 
varies tremendously, both in time and space.  The magnitude of these variations 
can be as much as 300 Inches annually between two stations 70 miles apart.  On 
a broader scale, another such variation is evident when comparing the annual 
amount of rainfall along the equator in Central Africa, as shown in figure 
2-17. 

As an example of a large time-variation in total rainfall we may compare 
two January rains at Fanning Island, lying 4° North in tiie Central Pacific. 
In January 1942, a total of 20.07 Inches of rain fell at this station;  the 
January 1943 total was 0.13 inches.  Here there Is no possibility of oro- 
graphlc determination of the rain, since the Island is a small, low-lying 
atoll. 

2321.  Annual ftalnfall Distribution. 

Zonal Distribution of 
annual precipitation. 

The zone of maximum rainfall in the 
tropics roughly lies along the equa- 
torial trough;  the minima lie along 
the usual position of the sub-tropic- 
al anticyclonic belt.  Figure 2-16 
shows these features very distinctly. 
Here the zonal distribution of annual 
precipitation, whether it be over land 
or water, shows a maximum very close 
to the equator.  Secondary maxima are 
found near 50oN. and S. , and are very 
likely due to the cyclone tracks in 
the belts of the polar westerlies. 

The tropics may be considered to 
consist of three basic rainfall regimes; 
(1) in the vicinity of the equatorial 
trough, characterized by rain at all 
seasons of the year, (2) in the trades, 
characterized by summer rains and dry 
winters, and (3) ^n the sub-tropical 
anticyclonic belt, characterized by 
dryness at all seasons of the year. 
Naturally, these regimes give only a 
very broad indication of the zonal 

29 

ll ninnnUi 



2321. - 2322. 

distribution of total precipitation.  Specifically, within each region, the 
rainfall in any year may or may not fall within the scheme of classification. 
Statistics show that the Northern Hemisphere receives only two-thirds of its 
rainfall equatorward of 2i)0N., and the Southern Hemisphere receives even less 
in the equivalent area.  This is partially due to the fact that the average 
position of the equato/ial trough lies in the Northern Hemisphere and coin- 
cides with the mean zonal rainfall maximum.  In the sub-tropics, the rainfall 
is found to be very nearly equal in either hemisphere.  Figure 2-17 illus- 
trates the patterns of minima and maxima of the annual precipitation.  All 
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f/g. 2-17,     Annual  precipifation,   in  inches. 

areas showing greater than 40 Inches of rainfall per year are shaded.  This 
shading can be traced around the earth near the equator, and individual max- 
ima of over 100 inches are evident at frequent intervals in this belt.  Sim- 
ilarly, a dry zone extends from Iran and Afghanistan, through the Arabian 
Desert and the Sahara, far out into the North Atlantic.  In the Western Hem- 
isphere, the dry regions of Mexico and the Southwestern United States form 
a part of this dry belt.  In the Southern Hemisphere, the driest parts of 
the dry belt are found over Western Australia, South Africa and South America. 
A marked dry zone is situated Just south of the equator In the Central Pacific. 
During the summer in the Northern Hemisphere, an area of heavy rainfall along 
the equatorial trough is bordered on its south side by an arid zone.  The 
width of this dry zone is only a few degrees in latitude.  These wet and dry 
belts are often interrupted by zones of higher or lower rainfall areas.  A 
good example of this may also be seen in figure 2-17;  the wet "tongues" on 
the western ends of the oceans in either hemisphere appear to extend pole- 
ward from the equatorial regions through the dry belts. 

Indications of strong climatic gradients are evident when examining the 
isohyets at the boundary of the equatorial trough zone,  shifts of the average posi- 
tion of this zone of as little as 2 to 3 degrees of latitude from one year 
to the next can produce extreme rainfall differences in the marginal areas. 

2322.  Seasonal Variation of Tropical Rainfall.  The latitudinal profiles 
of rainfall, averaged by season over all longitudes, (Figure 2-18 A) show that, 
except In the neighborhood of the equator, rainfall in the warm season tends 
to exceed that in the cool season.  When the continental and oceanic profiles 
are separated for each season, (Figures 2-18 B and 2-18 C), the migration of 
the rainfall associated with the equatorial trough is particularly evident In 
the continental profile.  In the southern rainy season, the rainfall maximum 
over land occurs much farther south than the oceanic maximum (Figure 2-18 B). 
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oceans  and centinents separated.    Right:  Jun.   to Aug.,   oceans 
and continents  separated. 

The coiiici Jence of rainfall maxiriia »vith the migrating equatorial truugh 
leaJs to other seasonal correlations which are sutstantiateJ in principle oy 
statistics from selected tropical stations around tbe earth.  These show that 
as the trough reaches its extreme north and south latitudes in March and MUgust, 
the equatorial margins of the trade-wind belt experience a single rainfall max- 
imum, as shown in figure --Id.  Nearer the equator, where the trough passes any 
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Fig.  2-19.     Monthly rainfall  at Khartourr,   Anglo Egyotian Sudan,   and Suva, 
Fiji   Islands,   in centimeters. 

latitude circle twice annually, one finds two rainfall maxima.  At any long- 
itude where the trough is found to oscillate more or less symmetrically ahout 
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tilt   equator,    the   heiivie.st   ramlall   is   usually   luuna   near   the   equator   troni 
arch   to  May   and  uctouer   to  NuveftDer   (hi^ure   ^-^C). 
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Fie.   <t-2V.     Monthly rainfall  at L ibrev i I le,   French  Equator i a I  Africa,   and 
^enanc,,   FeJtrat ion of Malaya,    in cent ireters. 

uutftardly, this appears to oe a very öimplc explaiiation for the season- 
al difterences in tropical raintall.  Lntortunately, the position and motion 
ot the equatorial trough at ditterent longitudes around tne earth is often 
vague and irregular.  In addition, dynanac etlects in the upper troposphere, 
including a close linkage of the tropical circulation with events in high 
latitudes, exercise an iiiiportant influence (Section ^^0).  Considerable var- 
iation» in the seasonal rainfall may then be expected from one part of the 
tropics to the other.  This variability is low where the rainfall is high, 
and high where the raintall is low. 

Another departure froni the seasonal variations shown on the profiles « 
stems from the location ot continents and oceans.  In monsoon areas, air 
tends to flow from land surfaces toward water in winter, and from water sur- 
faces to land in summer, and the pronounced seasonal variation in raintall in 
such areas is ittrlouted by c1imatologists to the orographic etfects of season- 
al shitts in the monsoon winds.  The southwest tiünsooii in northern India indi- 
cates a single maximun ut raintall from June to aeptemuer, but Colombo, Ceylon, 
(70N.) near the scutnern tip ot India, has distinct double maxima occurring in 
•lay and October.  Ihese naxinia are attriuuted to the arrival and departure ot 
tne Southwest Monsoon in India.  I.owever, it is very difficult to apply sucn 
explanations to synoptic maps;  lor example, in Jurma, short periods of heavy 
rain in tne bouthwest wonsoon often occur at times when the surface winds 
might be expected to suffer the least orographic uplift.  In summary, a season- 
al trend in tropical rainfall is very evident statistically, but this trend 
may be so masked or distorted that it is ot little practical use in daily tore- 
casting. 

2323.  Diurnal Variation of Tropical Hainfall.  Tropical rainfall is sub- 
ject to strong diurnal variations.  This is particularly true over and near 
the coasts of the larger land musses where tne land and sea-breeze regime 
governs the diurnal course ot cloudiness and rainfall.  liere the formation 
and motion ot the clouds determine tne location and time ot the raintall.  The 
morning is generally cloudless, with small cumulus beginning to form inland. 
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Uuring the remainder of the morning aqd early afternoon the cloudiness con- 
tinues to increase and showers oegin to fall.  It is at chis time, when the 
sea-breeze is hest developed, that the maximum rainfall occurs over the land 
area.  In the iate afternoon and early evening, the clouds tend to dissi- 
pate inland and move or reform slightly offshore, where they reacn maAin.um 
development at night when the land-breeze is strongest.  here again, a rain- 
fall maximum occurs, but it is now found over the water.  This pattern, with 
slight deviations, is often found to be quite regular in the tropics.  If 
such characteristics ot   rainfall at a given station are identified, it is 
possible to make extremely accurate forecasts ot the time and location of 
local rainfall. 

The diurnal variation ot rainfall over the oceans is a subje-ct of some 
douot.  Kaurwitz and Austin (iji4) flatly state that the maximum occurs dur- 
ing the night or early morning, oecause convective activity over the oceans is 
greater at night than during the day.  Kiehl (la5-i), implies that in the areas 
of trade-inversions, the increase ut low-level wind speeds and lowering of the 
trade-inversion at night would decrease the vertical thickness of the trade 
cumuli, a trend not easy to reconcile with an increase in precipitation.  Un- 
til further evidence is presented, the practicing meteorologist should be 

cautious in assuming that 
»o HAWAII rainlall over tne open 

ocean reaches its maximum 
at night. 

The diurnal distribution 
of rainfall over the Interior 
of continents generally has a 
maximun' In tie afternoon and a 
mlninum during the night or 
In the morning.  A large por- 
tion of the precipitatloti 
occurs In the form of convec- 
tive showers an^l, since the 
tropics are subject to very 
intent- solar radiation, the 
diurnal variation in convec- 
tive activity is large. 

2324.  ihe Orographic 
bffects upon Tropical Rain- 
fall.  The exposure of any 
individual weather observing 
station, with relation to 
the local topography, often 
determines both the total 
annual rainfall and its sea- 
sonal course,  figure 4-21 
is a particularly good ex- 
ample of how the total annual 
rainfall on the Island of 
Hawaii is dependent upon the 

Fig.  2-21.     Mean  annual rainfall,   in  inches. 
Island of Hawaii.     (Logarithmic 
spacing of  isohyefs). 
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topography. This island is located in an area where the prevailing trade wind is 
from the northeast. The island consists of two mountains, each peak near 1~,000 
feet above MSL, oriented al r ost normal to bhe mean wind flow. Th~ 320 inch isohyet 
is located at an e levation of 3,000 feet on the eastern side of the island, indi
ca tin y that the maximum precipitation occurs here oefore the air completes its 
traj e ctory ov e r the mountains. In contrast, almost the entire west coast of this 
island, lying in the lee of the mountains, aver,~es less than ~u inches of rain 
per year. This tremendous contrast is found within a distance of 10 miles, and 
cl ~ arly illustrates how the topography can influ e nce tropical rainfall. ~aturally, 

tne magnitude of the difference in rainfall amounts varies from place to place, 
and it is impossiole to arrive at any gen e ral principle. The meteorologist must 
be familiar with the topograph y ot, and th e climatological statistics for, tn ~ 

Darticular areas or stations for which he forecasts. Maps of mean rainfall, par
ticularly If the rain is classified oy season or t a ken in conjunction with data 
0n prevailing winds, constitute one of th e most valua ble forecasting Cools provi
de~ by climatology, They indicate the regions of reinforcement and diminution 
of rain accompanyin~ the traveling disturoances. 

2325. 8easonal Fre~uency of the Various Forms of Precipitation. Until now, 
no distinction bet en the various ty~es of precipitation has been introdu~ed 
into the discussion. Familiarity with the normal distribution of these types, 
how ever, can be a valuabl~ anKlytic aid 1n the forecast room. The widespread 
occurrence of precipitation for ~ s which are statistically infrequent indicates 
that some type of synoptic d isturbanc e may be in the area, even though at first 
si ~ ht the surfac e wind or pressure patterns seem to be uhdi s turoed. For example, 
t hP. occurrence of widespread thunders torm s in the trade-wind area southwest of 
the Hawaiian Islands ~i ht be t he first indication of an upper level cyclone 
a pproa c h i ng the Islands. The s urt ace winds in the area mi~ht s how little change 
in dire c tion from th e "norma l " trades, the only surface indication of a di s turoance 
oeing a lessening of wind spe ed. Data on the upper winds probably would be lack
In g , so that the only indication of th e upper disturban~e would be a systematic 
arrangement of thunderstorms reported over an extensive area where normally the 
pr evailing precipitation form would be the passing cumulus shower. On the other 
hand, in Indonesia, the suppression of the characteristic, widespread orographic 
thunderstorms would lead a forecaster worki ng in tnat area to suspect some type 
of atmospheric disturbance in the neighbPrhood, particularly a disturbance ac
companied by widespread de scendin g motion in the middle troposphere. 

The next four fi gnres show the average frequency distribution, in per cent, 
of the various form s o f rair observed at 1200 G.C.T. 

The average f requenc y of rain in whatever form, (Fig. 2-22) snows that the 
hi ghest frequency of rain occur s in a belt near the equator, roughly coinciding 
with the average position o f t he equatorial trough. Here also, can oe seen two 
belts of low fre qu ency that e xtend around the earth in the usual position of the 
tropical anticyclonic belts of both hemispheres. 

The seasonal chang e s, except those areas affected oy monsoons, are for t he 
most part, slight. The monsoon is plainly evident over India and Burma, where 
the average frequency ranges from a value of less than 5% in December, January, 
and February, to a value of over 35~ in June, July and August. Noticeable 
minima of rainfall lie jus t south of the equator (between the equator and 10° 
s outh) in the eastern portion of the Central Pacific. There is a tendency for 
a fre •e ncy maximum to be oriented along a line roughly coinciding with the 
a ve rag e tracks of tropical cyclone • This is particularly true along a line 
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Fig.  Z-ZZ.     Average seasonal   frequency of rain   in whatever  form,  December- 
January-February  (above),   June-July-Augusf  (below),   in  oercent. 

extending from Nauru to the Philippines in June-, July and August, and üast- 
southeast from the bolomons In December, January and Feoruary.  This effect 
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xn   Wf     <xn     ittn     »en     »ot     w tvt     *or      ten 'tot 

Fig.   Z-Z3.     Average seasonal   frequency of steady rain,   December-January- 
February (above),   June-July-August  (below),   in percent. 
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is not nearly so nuticeaDle in the Atlantic ucean. 

Tne average frequency ot steady rain, (Pig.2-23).  The tigure indicates 
that steady rain is unusual in tne tropics.  txcept for these low frequencies, 
figure 2-23 is similar tu figure 2-22.  Here again we find the oelt of rain- 
tall maxima coinciding with the average position of the equatorial trough, 
and larger, more oovious minima corresponding to the average positions of the 
sub-tropical anticyclonic belts in either hemisphere.  The monsoon variation 
shows over India, and a similar effect is no» evident in Northern Australia. 

The average frequency of passing showers (Pig. 2-21) shows the same 
general patterns as the frequency of other types of rainfall with maxima and 
minima of the average frequency percentages coinciding with the average posi- 
tions of the equatorial trough and tne suo-troplcal anticyclonic belts, respec- 
tively. 

Krt     KTt        lOOt      ftOt KO'C       HOI ■ONr       MTV term     6o*w      4<yw    20**      o*       «re      vn      «ot   wt 

Fig.   2-24.     Average seasonal   frequency of passing showers,   December-January- 
February  (above),   June-JuIy-Augusf  (below),   in percent. 

Pigure 2-2o shows the frequency of thunderstorms.  The absence of any 
significant thunderstorm activity over the oceans is striking.  Only those 
oceanic areas in the vicinity ot island chains or coastal areas report 
frequencies that are worthy of mention.  Such a belt of thunderstorms extends 
southeastward from the China Sea, across New Guinea and into the tropical 
islands in the South Pacific Ocean.  If we consider that the major portion 
of the tropics consists of open ocean, the popular concept of extensive 
thunderstorm activity along the equator is subject to modification.  Large 
cumulonimbus clouds associated with moderate to heavy showers and occasional 
hail at higher levels are found almost everywhere over the open ocean in the 
Central Pacific.  It is interesting to note, however, that the lightning and 
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thunder which one would normally associate with this type ut cluud and pre- 

cipitation are often completely lacking. 
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Fig.   2-25.     Average seasonal  Frequency of   Thunderstorms   for AoriI-Seotewber 
(above),   and October-March  (be I owl,    in percent. 

Figure 2-26 shows the mean zonal distribution ot the percentage tre- 
quency of thunderstorms throughout the year.  Throughout the tropics, more 
than twice as many thunderstorms are ooserved over land as over water.  T'ie 
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Fig.   2-26.     Annual  Zonal  Distribution of   the  percentage   frequency  of   Thunder- 
storms . 

maxima of both curves lie at the equator; the oceanic curve from zO degrees 
north to 20 degrees south, however, is flatter than the corresponding land 
curve 
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J400.      MEAN   TROPICAL  LAPSE  RATE. 

Sufficient  climatological  data to create  a  "Tropical  standard atmosphere'' 
do not exist.     Certain  regional  studies  have  been made  in the Pacific  and 
Caribbean for relatively  short  periods of  time   (climatologically speaking) 
from which a mean upper air sounding« may  be constructed with a moderate degree 
of reliability.     Such a sounding  is presented   In  figure 2-27. 
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Fig    2-27      Uean Tropical Lapse Rate. 
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3000.     EVALUATION OF   THE DATA 

3100.  Gh.Nt.ttAL KMAKKS ON ANALySIS. 

Despite the recent development and extension of upper air observing 
networks and the application of new theoretical concepts to the data which 
tney produce, modern synoptic meteorology still depends heavily upon the 
practice of air mass analysis.  As carried on in most weather stations, 
weather forecasting is still largely a matter of identifying air masses, 
frontal noundaries and frontal waves and anticipating their transformations. 
Consequently, text-nooks of synoptic meteorology, and most courses of instruc- 
tion, treat in great detail the origin, life-history, and interaction of the 
chief air masses, out pass.over, more or less cursorily, internal air-mass 
processes which appear to oe of secondary in^jortance in forecasting the 
weather of high latitudes. 

Khile some writers on synoptic theory nave distinguished in the tropics 
a monsoon air mass, an equatorial air mass and a trop.ical air mass, in prac- 
tice it is almost impossiole' to find any ooundaries oetween them to which 
the criteria of a front can oe applied with confidence.  The whole tropical 
troposphere, with a tew local exceptions, .fulfills the standard definition 
of a single air mass.  The synoptic meteorologist required to forecast weath- 
er in the tropics, then, is chiefly concerned wioh internal changes within 
this single air mass.  While much of the high-lat1tude theory of air mass 
transformation is useful to him, ne soon finds that it is not sufficiently 
detailed and that many weather changes, for example, those accompanying 
the origin and movement of tropical storms, cannot ne Interpreted in terms 
of frontal theory.  He therefore requires a special treatment of the prop- 
erties of the tropical air mass. 

The practical aim of synoptic meteorology, the weather forecast, Is 
the same in low as in hich latitudes and however much the details of techni- 
que may differ, the general procedure is the same.  It may oe broken down 
as follows: 

The collection and evaluation of the data; 
ihe analysis of the data; 
The formation of a prognosis; 
The forecast. 

In modern meteorology the term "analysis" has come to mean the result 
of the application of two distinct processes to tne data.  Obviously, the 
value of  a particular meteorological element, say, the temperature, cannot 
be observed at every point in the atmosphere covering a region at some 
synoptic instant.  The observations provided by stations in the network will 
oe In the form of spot samples, referring to the air in the immediate neigh- 
borhood ot the observing instruments  and each sample thus taken will be 
far Temoved from others taken at the same time and in the same network,  hven 
in the most civilized countries, possessing very dense networks, the samples 
are separated by scores or hundreds of miles.  One of the chief objects of 
synoptic analysis is to reconstruct, from the samples, a graphical picture 
of the entire field of the meteorological variable over the region defined 
by the network.  A perfect analysis of the temperature field, for example. 
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uuuld   give   a   continuuus  corruct   representation,   probably   in   the   torn:  of   isotherris 
at   various   levels   sucn   tnat   it   would   be   possible   to   read   oft   the   map   or  maps 
the   temperature   at   any   point   in   the   space   over'the   region  and   for   that   instant 
ut   time   to  wnich   the   analysis  would   refer.     Analysis   in   this   sense   is   an   inter- 
polation   among   the  sampling  observations;    in   principle,   the   observations  are 
dispensable,   once   the   analysis   is   completed. 

Since   tropical   meteorology   is   concerned  with  changes   in  a   single  air 
mass',   synoptic   interpretation  is   bound   to   be   different   from   that   applicable 
in  higher   latitudes.      moreover,   the   chief   fields  to which   the   interpolation 
process   is   applied   in temperate   latitudes   are   those  of   pressure  and   tempera- 
ture;    in   the   tropics   other   fields   have   to   be   analyzed  and   in  one   particular 
case,    that   of   the   wind   field,   the   process   of   interpolation   is   more   complicated 
and  difficult   than   any  necessary   to  a   good  air  mass  analysis. 

The   interpolation   process  would,   in   the   ideal,   be  so  applied   to   the  ob- 
servations   that,   for  each  synoptic  nour,   continuous  graphical   representations 
of   the   following   fields  would  be   available   for   interpretation   and   prognosis: 

The   pressure   field. 
The   field   of composition   (dewpoint,   visibility,   cloud  and   precipi- 
tation ). 
The   temperature   field. 
The   field   of  motion   (wind   field). 

To  interpolate   accurately   among   the   observations  ot   any   one  of   these   elements, 
the  analyst   must   be   sure   that  his   data   are  not only   free   from   error, but  also 
representative   on   the  scale  ot   his  network,   that   is,   free   from   effects  which 
are   purely   local.     iViore   precisely,   he   has   the   problem  nf   determining  whether 
his   observations   are   a  fair sample   of   the   field  under  analysis.     This  task  of 
critically   evaluating   the   plotted  data,   of  course,   is   encountered   in   air  mass 
and   frontal   analysis   in  high   latitudes.     however,   there  are   local   effects  which 
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are small and for the most part neglisible in tnose regions, but which in the 
tropics are large enough to dominate over synoptic changes.  If overlooked, 
they can lead to serious errors in the interpolative part of the analysis. 
They are for the most part orographic effects.  Son,e local distortions of the 
temperature, dewpoint and \*ind fields, however, are not necessarily connected 
with mountains, or the differences netneen land and sea, but accompany the pas- 
sage over the station of cloud and precipitation. 

Evaluation of the data is also important in interpretation.  fclements 
which ordinarily in high latitudes are conservative, that is, change very 
slowly with time during the transformation of an air mass, may change more 
rapidly in tropical regions.  iVioreover, their changes in the temperate zone 
may be attributable to one cause, while a very different cause may operate in 
the tropics.  Thus, changes in dewpoint are usually slow within a single 
temperate-zone air mass and are attributable to the influence of the surface 
over which the air mass is moving.  In low latitudes, certain rapid changes in 
dewpoint can occur within the tropical air mass which have little or nothing 
to do with the surface over which the mass is moving.  If the usual nigh-lati- 
tude interpretation of a steep gradient in dewpoint is used unthinkingly, a 
tropical front which will have no objective existence may be drawn on the map. 

For these reasons, the forecaster who is undertaking analysis in the 
tropics for the first time has to take special care in evaluating the data, at 
least until he has become thoroughly familiar with the geography of his region 
and with the often surprising local effects characteristic of the torrid zone. 
To assist in this process, the following points, raised in connection with 
the most commonly analyzed elements, should be kept in mind. 

3200.  EVALUATING THE SUKPACt, PRESSURE. 

surface barometric readings in the tropics may be unrepresentative in 
the same manner and for the same causes as those familiar to high latitude 
analysts. Mountain chains, particularly those oriented at right angles to 
the prevailing wind, produce a large, usually wave-like distortion in the 
surface pressure pattern over neighboring flat ground or sea surface and 
the distortion is found not only down-stream behind the obstacle, but also 
upstream, in some cases for large distances.  When the mountain mass is 
very large as, for example, the Himalayas or the Rockies, the distortion 
is of such magnitude as to be regarded as a large-scale synoptic feature, 
subject to analysis and prognosis.  In this case, it is incorrect to regard 
surface pressure readings in the flatter regions surrounding the mountains as 
being unrepresentative.  However the same effects on a smaller scale exist 
in the neighborhood of all obstacles and have to be taken into account, 
particularly in oceanic analysis.  In the Pacific, for example, many of the 
islands upon which weather stations are situated appear small and insignif- 
icant on the map out in fact they are rugged and of high relief.  The island 
of Hawaii covers an area of only 4030 square miles, but there are two volcanic 
masses upon it, ootn reaching above 13,000 feet.  The pressure at sea level 
on tne windward coast of an obstacle as high as this can under certain 
circumstances, be as much as 2  mo  higher and that on tne leeward coast as 
much as 4 mb lower than the representative pressure, i.e., that which would 
be found in the region if the island were removed.  Ignorance of these 
effects have led some novices in tropical oceanic meteorology to suppose 
tnat all barometers in low latitudes are unreliable. 

41 



3200. 

Barometric readings, of course, are as much suoject to error 1n the tropics 
as elsev.here; in tact, on r e mote Islands or in sparsely settled continental 
re g ions, they are prooably more likely to oe wrong, chiefly ov.ing to the diffi
culty of checking the instruments from some central place possessing standard 
oarometers. There are several peculiarities of the tropical zone which tend to 
ffiagnify the importance of any instrumental errors which occur. First, the 
o~serving network is very open. In some oceanic regions, the average distance 
oetween surface stations is aoout five hundred miles and there are many huge 
gaps in the network. The impossioility of checking the pressures oy reference 
to neighboring stations, therefore, exaggerates the analytic eifect of sporadic 
and index errors. Next, uver great areas, particularly in the neighborhood of 
the equator, pressure gradients are very v.eak indeed, so that again the effect 
of an error is magnified. The v.eak equatorial gradients are exemplified by 
figure 3-1. In high latitudes, an error of :.! mo at a given station, while 

- ..• 

Fig. 3-1 . Ty(:!ical isobaric patte_rn over the tropical Pacific Ocean. 

serious enough in a sparse network, would be unlikely to cause a qualitative 
error in the analysis ; in the situation illustrated in figure 3-1, on the 

.other hand, an error of this magnitude, say in the r ~ ighoorhood of New Guinea, 
could easily result in the intro.duction of a fictitious lov.-pressure system; 
it could, under certain circumstances, lead to a serious error in the forecast. 
r'inally, it should oe emphasized that, over mo::.t of the torrid zone, the varia
tions in pressure at tne surface due to the passage of synoptic disturbances 
are only a small fraction of the semi-diurnal pressure variation. A typical 
oarogram is illustrated in figure 3-~. The most marked feature of the barogram 
is the very regular semi-diurnal oscillation in the oarometer. The amplitude 
of the wave is about 2' millioars. Compare this v.ith the general trend of 
pressure over the 4-day interval covered oy the chart. There is, roughly 
speaking, a change over these days of 2 millioars; this synoptic change, then, 
averages 0.5 millibars per day. Though it is accompanied by real variations 
in the weather at the station, it amounts to only 1/5 of tne semi-diurnal 
oscillation. Unless unusually favoraole circumstances existed, it would oe 
difficult in an open network to detect a synoptic change of this small magnitude 
oy means of an analysis of the 24-hour isallobaric field. On the other hand, 
an error in time of observation, say of the order of tv.o hours, might introduce 
into the routine pressure analysis an error of approximately the same magnitude 
as the synoptic change. Now the barogram refers to a station in relatively 
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Fig.   3-2.     Barcgrart  from Kualoa,   Oahu,   June   1953. 

high tropical latituJeri (in the !;iiwuiian Islands).  A.s one approaches the 
equator the amplitude of the  seit.i-üiurnal oscillation grows larger.  At the 
same time pressure changes due to the passage of all synoptic disturoances, 
except the most marked tropical storms, oecome less and less.  Ihus in the 
Southern .vlarshalls the 24-hour pressure change whicii can he attributed to 
the passage of a single synoptic disturoance often amounts to only i/lO 
of the diurnal oscillation in that region.  ihe difficulty of surface 
pressure analysis, and particularly of detecting errors, is very great 
throughout the equatorial zone. 
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as in the Philippines, Inaonesia, or th^ Solomon Islands.  As an il lustra t.-ion, 
let us consider a diurnal cycle of intense vertical convection over such an 
island;  tor the sake of clarity, let us suppose the island is 20 tt.iles wide 
and 100 miles long, with a single backnone -nain of mountains rising to aoout 
»,000 feet, the whole mass neing oriented at right angles to the prevailing 
easterlies.  Aoout tiiid-day, even though there may he little cloud over the sea, 
large cumulus will have built up to a height varying between 8,000 and 10,000 
feet above the mountain crest, depending on the latitude of the island and its 
position with respect to the semi-permanent oceanic highs.  Already rain will 
be tailing on the windward side of the mountain chain, and, as the afternoon 
progresses, the cumulus will spread horizontally along the chain and over the 
leeward slopes.  At the same time the tops will grow into the higher atniosphere. 
Depending upon the latitude, time of the year, and othf factors which ueeii not 
be elaoorated here, the tops, reaching their maximum development towaras the 
middle of tne afternoon, may grow to as little as 16,000 feet or to as much as 
45,000 feet.  If cumulonimbus is uroduced by this process, it may be accompanied 
by thunder and lightning, and, towards tne latter part of tne afternoon, uill 
give rise to a great variety of clouds, such as altostrati's, altocumulus, strato- 
cumulus, and various types of cirrus.  From time to time, incipient cumulonimDus 
cells may become detached from the peaks and iritt over the leeward side of 
the island;  if this occurs, sporauic and isolated thunderstorms will bnetly 
strike stations situated on the leeward plain and may even affect the neigh- 
boring sea downwind,  dy 7:00 or 6:00 H.M., the lower portions of the orograph- 
ic cumulus, or cumulonimbus, will have vanished.  Patches of cloud at the 
altocuniulus and cirrus level, however, may persist.  At the same time, or a 
little later, cumulus will oe ooserved forming in a line parallel with the 
coast, usually on the leeward side.  3y about midnight, this oceanic cumulus 
will be quite evident to an observer on the leeward shore, and its dimensions 
and structure can oe easily explored by aircraft on a moonlit night.  If the 
diurnal cycle of convection is extreme, the oceanic cumulus will continue to 
grow during the night, reaching maximum dimensions just before dawn.  There- 
fore, an aircraft taking off before dawn from a leeward airfield may find 
itself involved with a nocturnal" thunderstorm off-shore at a distance oetween 
five and twenty-five miles, depending upon the terrain, season, etc.  Tne 
mountain peaks may be quite clear of cloud at this time.  Isolated cumulus 
or cumulonimbus, accompanied by showers, may drift toward the land from the 
pre-existing line, so that, a leeward station may have a secondary maximum of 
showers between 6:00 and a:00 A.M. local time.  By 10:00 A.«., the ott-shore 
cloud will usually completely disappear and the first orographic cumulus will 
begin to build up on the peaks;  then the cycle is repeated witn varying in- 
tensity, depending on the synoptic situation.  During the whole ot this cycle, 
the cloud over the open sea may show very little variation. 

It should oe emphasized that the formation of localized lines ot off-shore 
cumulus or cumulonimbus, due to orograpnic effects, is most likely when several 
islands are clustered together in an archipelago. Under these circumstances, 
the cloud lines tend to form in the channels between the islands,  auch lines 
are very common in Indonesia, the Philippines, the aolomons and, to a lesser 
degree, the Hawaiian Islands.  It is clear that, if the analyst »no is just 
beginning to deal with tropical weather and is üntamiliar with the geography 
of the area or with the characteristic diurnal cycles in such island groups, 
he may seriously misinterpret the reports from island stations and carry hi* 
misinterpretation into the forecast.  He will particularly err it he interprets 
these local lines, which are, at most, 100 tu 300 miles in length, as "fronts" 
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or  lines of convergence ot   general  synoptic   importance,   that is,   it  on  his map 
he  extends  tnes>!   lines   for   thousands of miles   into  regions of only  sparse  oD- 
servation. 

The  tropical   forecaster probably  requires  a deeper knowledge of  orographic 
effects  and of  the  geography of his  region of   interest  than is  usually  required 
of  a  high   latitude  meteorologist.     This  Knowledge   is   employed   in  two  ways, 
birst,   it  is used  in   deciding which observations  are  representative  and  in 
attempting   to  reconstruct,   even   from   the  unrepresentative  data,   what   the  con- 
ditions  over  the   ocean   or  over   the  neignboring   Hat   land   (in  the  case   ot   con- 
tinental   analysis)   might   be.     figure  3-4   is  a   sketch  made   from  a color   photo- 
graph  ot  Tahiti,   taken   aooard  the  research  vessel   "Horizon"  while approaching 

Fig.  3-4.    Orographic cloud over  Tahiti  (from a photograph by b icholson). 

the harbor at Papeete  at  2334 G.C.T.,   16 January  1^53.     A weather observation 
was  taken at  this   time,   and  another when  the  ship docked  at Papeete  two  hours 
and six minutes   later.     These observations,   plus  the  ofticial   0000  iJ.C.T syn- 
optic  report  from   the  weather station  at  Papeete,   are  shown  in   the  figure. 
The sketch  illustrates  how   unrepresentative  an   observation  taken at  Papeete, 
on  the  leeward side  of   the   island,   would  be   J£  weather conditions over   the  open 
ocean.     Most of  the  cloud was situated over   the  island  itself  and was  oro- 
graphically determined;     compare,   for example,   the mass  of cloud stretching 
toward  the  leeward  side,   with conditions  over  the open  sea.     The weather ob- 
servations  taken  at or  near  the time of   the  picture  substantiate  this   feature. 
The  "Horizon"  reported  only  2/löths of cloud  while  still   out at sea  but   report- 
ed 5/10ths when docked   in  the harbor approximately  two hours  later.     For  pur- 
poses of analysis,   at   least,   we wish  to correlate  the  conditions over  the  open 
ocean with  the other  fields  under analysis. 

Secondly,   the  analyst must employ  the  kind  of  knowledge exemplified  in 
tne  previous paragraph   in  framing forecasts.     Orographic  effects have   par- 
ticularly  to be  considered   in   passing  from  the   prognosis   to a detailed  cloud 
and rain  forecast. 
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In   the  air nia.Sö   an J   Iruut;;]   ;Mia ] y.^i,-   ^,,,^0;^ 1 a te   to  filgti   latltuat-ä,    the 
surface-air   teiiipera ture   is   v.c]]   kinn.n   a-s  one   ot   tne   least  reiiresenta ti ve   unJ 
least  conservative   of   all   tb«;  mi'teorol ogical   elcnients.     otanuarJ  texts   on   air 
mass  analysis  and  air  matis  cnuractcri.stics   always   fcuipn^ize  tnis  point.     un 
the  »hole,   we  should   expect  the   temperature   to   De   less   representative   in   the 
tropics  than  elsewhere   and,   over   lanJ,   certainly   less   conservative.      Ihe   in- 
tensity  ot   insolation,   for  one  thing,   is  greater   in   loh   than  in  high   latitudes, 
Further,   there  is  the  difficulty  ol  properly  exposing  the   tnern.ometers.     hven 
a well-constructed aspiration  psychron.elei   is  difficult  to use  in  tue  middle 
parts of the  tropical   day,   and at stations v.ell   within  the  tropics  the  stand- 
ard  shelter  fails  to  provide  adeyuate  protection   from  radiation  on  clear  days. 
Moreover,   close  to  tne equator,   winds  are usually  lisht,   and it  is almost 
impossible  to  aerate   tne  sensing  elements  correctly   without mechanical   means. 

While the difficulty  of  obtaining representative surface-air temperatures 

(ln continental   localities  has  long  oeen  recognized,   meteorologists are  in- 
clined   to think   that   coastal   and  oceanic  stations   Jo   provide  representative 
temperatures.     This   i«  particularly  the case  when   the  station»  are ship- 
stations or are  located   on   small   low-lying  islands.     Kor  example,   Hetterssen 
(1940)   states,"At  sea   the   diurnal   intluences   are   negligible,   and   the   tenper- 
ature  observations  are  always   representative,   provided  that   thermometers 
are  well-exposed".      In   addition,   he   says,   "Wei 1-exposed  coastal   or  island 
stations are  usually   representative.     As  a  general   rule,   wu  may  say  that   the 
temperature observations   are  most  representative   when   tne  wind  velocity   is 
high  and  the  sky  is   cloudy   or  overcast".     linile   these  statenents  are  general- 
ly   true  in  latitudes   higher  than  25c,   there   is   an   additional   lactor which 
tends  to make  surface-air   temperatures   unrepresentative  over  tne  tropical 
oceans,   a  tactor which,   so   tar  as  can   ue  seen   at   present,   is  negligible   in 
high  latitude  meteorology.     This   factor  is  the   fil gh frequency of  showers 
within  the torrid zone.     Over the tropical  oceans,   uy  tar  tne most  frequent, 
though  not  the   heaviest,   precipitation   tails   in   tne   torn   ot   showers   trom 
cumulus  clouds  whose   tops   are  well   oelow  the  freezing   level.     The  effect 
of showery precipitation,   both  from cumulus  and   cumulonimbus,   is  twotold. 
»ith  lighter intensities  ot   rain,   the   tailing  water  drops cool   tne  air   oe- 
lo*  the cloud  base by  evaporation.     The resulting   temperatures  below  the 
base  are,   after  the  shower  has  continued  a  very   short   time,   close  to  the 
wet-bulo  temperature   ot   the  surface  air.     Kach   shower   is   thus  accompanied 
by  a  small   "cold  patch"   as   it  moves  over  the observing  station.     Alter   the 
passage  ot  the   shower,   of  pourse,   the  surface   temperature   guickly   recovers 
Its   frrmer value.     The   second  effect  is  similar   to   that   accompanying   tne 
downdraft under a  thunderstorm.     It  accompanies   all   cumulonimbus  showers 
in   the   tropics,   all   the  heavier  cumulus  showers   and,   most   remarkably,   the 
heaviest  rains   trom  altostratus.     In   these cases   a  downdraft of cold  air 
accompanies  tne  heavy   rain   and may actually  precede   the  shower and  continue 
for  a  short  time  after   the   rain  has  passed.     The   surface   temperature  falls 
much  below the  representative surface wet-bulb  temperature and is usually 
responsible,   on  atoll   stations,   tor  the minimum  temperature of  the day. 
In   general,   one  may say   that  the heavier  the  precipitation   the  lower the 
minimum  temperature attained. 

Preliminary  Investigations   in   the .nurshall   Islands   indicate  that  the 
temperatures  begin  to   fall   appreciably  oeloiv   the   representative  surface 
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Fig.   3-5.      Precipitation,   temperature and dew- 
point,   Canton  Island. 

of   the   time   was  well   above   this.     The ODservations 
from  a   continuous,   thick,   altostratus sheet.      Simil 
tacular   than   these,   have  been  made   in the   Marshall 
question   of   orographic   effects,   since Canton   Island 
are  atol1s. 

wet-bulb  temperature when 
the  intensity  of   rainfall 
equals or  exceeds one-hun- 
dredth  of  an   inch  per min- 
ute.     Some   remarKable  in- 
stances of   low  temperatures 
accompanying heavy  rain  are 
known.     For  example,   the 
record   low   temperature  at 
Canton  Island   (30S,   n20W) 
is 70oP.,   a   minimum which 
was attained  during  the 
early morning ot   the  13th 
of April   1953.     The hourly 
temperatures,   wet-bulb 
temperatures   and  rainfalls 
at Canton   Island  on   that 
date  are   recorded  in  figure 
3-5,     The  observer  reported 
strong,   cool   gusts  from 
time  to  time  during  the 
period  in  which  minimum 
temperatures  were  attained; 
the prevailing wind  before 
and after  the   gusty  period 
was,   however,   only  10  knots. 
In  fact,   the observer re- 
marked  that meteorological 
events during  this  time 
resembled  closely  those  ob- 
taifting during  the  passage 
of  a   thunderstorm,   but  with- 
out  any  sign   of   thunder or 
lightning.      The   most   remark- 
able  feature  of   the weather 
was   the   tact   that  no  pumu- 
lonimbus   appeared   in   the 
vicinity.      There   are   un- 
equivocal   observations   to 
show   that   throughout   the 
period  of   heavy   rain   the 
ceiling  did  not   descend 
below  6,000   feet  and  most 

indicated   that   the   rain   fell 
ar  observations,    less   spec- 
Islands.     There can  be  no 

and   the  Marshall   Islands 

The   local   nature  of   the  cooling,   whether   it  be   light  rain   which   lowers 
tne  surface-air   temperature,   or   rain   of   the  heavier  type   from   large   cumulus, 
cumulonimbus   or   thick   altostratus,    is   shown   by   observations  made   at  Eniwetok. 
As  an  example,   we  may   briefly   recapitulate   events  at  tniwetok   on   the  20th  of 
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O~tober 1952. The upper :_.; ;-v ;.; u.1 fig
ure 3-6 represents the surrac e-a ir 
temperatures taken on uoard the re
::;earch ves::;el ".horizon", on ::; t ation 
~0 naile::; off l!:niwetok. The lower 
curve i::; a similar surface-air ~P.~

perature record from ~niwetok weath
er :>tation. Between 0000 and 0600 
the temperatures of the two :>tation::; 
agree within 2°. At 0&00, the tem
peratures at both station::; begin to 
rise. The rise continue::; at the 
"Horizon", reaching its peak of 90° 
at 1300. however, that at l!;niwetok 
doe::; not exceed tl5°. The maximum 
difference between the stations is 
attained at 1400 and amoun t s to ~°F. 
The significance of these tempera
ture differ ences can be associated 
with the weather at the two pluce::;. 
It begins to rain at ~niwetok oe
tween 1000 and 1100; no rain is re
corded during this per1od at the 
"Horizon". l!;niwetok experienced 
heavy showers in the period 1300 to 
1400, at aoout the time when the 

~ oou . 

r---~-~--~·~~._._-- .. ~~~~ . ~ ·.· ~~-~;7~ < O~L ~ 
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20 OCTOBER 1952 
Fig. 3-6. Temperature and preci pitation 

at Eniwetok and aboard the 
"Horizon", 20 October 1952 . 

maximum difference 1n temperature between the two stations is record e d. ~ote 

the big fall at ~niwetok between 1300 and 1400 and ~similar, but rather smaller 
fall at the "horizon" oetween 1600 and 1700, These changes m1ght oe int e rpret
ed, and in tact have in th e past oecn interl)reted, as chan:,;es du e to the pass
age of "tronts". t.XI)erlence 1n the tropics, even of very limited ell.tent, 1s 
sufficient to show that this interpretation is untenaole. The temperature 
changes accompany showers whiCh can oe seen advancing toward and over the 
Ftation. The showers otten are so local that stations a mile al)art will nave 
quite dit"ferent temperature traces. As an illustration, let us consider events 
at the rese , ch vessel "Horizon" and at ~niwetok on the ~5th ot Uctooer 1~52, 
as shown in figure 3-7 on the next ~age. The records overlap t o r the period 
O!lOO to 2300 local time. During this time the research ' essel "Horizon" was 
within sight of ~niwetok Island; 1n fac t , it was makin b runs in the lagoon 
of the atoll in connection with a seismic res e arch program. At the Oeginning 
of the period, the temperatures of the two stations again agree within 2°F ; 
oath ::;tations record rain at this time. fh~ rain ceases at 0~00 and the 
temperature climbs at oath stations. lloote that, as before, the "Horizon" 
te m ~erature::; are s lightly higher than those at l!;niwetok; this is probab 
due to instrument a l error or bad exposure of the shi1/ s t~erm o meter. ~bow e rs 

begin at the research vessel at approximately 1300, although sporadic precip
itation close to the ship was reported earlier. At ~niwetok station, how e ver, 
there i s no rain and the temperature continue::; to rise, reaching 1ts peak of 
S9°F, at 1300 and 1400. Then t"ollows the abrupt fall in temperature at 
~niwetok after 1500, a little before the onset of t he sHowery period. No 
possible orientation of "fronts" in the atoll lagoon co~ld account for these 
changes. It must be emphasized that the observation::; displayed 1n t ~e~ e two 
figures (3-6 and 3-7) were not taken by extraordinarily skilled personn e l . 
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Fig.   3-7.      Temperature   and   preciD i tat i on 
at Entwetok   compared  to   that 
aboard  the  research  vessel 
"Horizon".   2^ October   1952. 

perature   and  rainfall   intensity   are  displ 
vince   the  most  skeptical   of   this   fact. 

rnose   on   tru'   vessel   "Horizon",   fur 
fxaniple,    *er>'   taken   on   the   uriJse   uy 
the   utticer   un   natch,   an.l   the   thermu- 
itieter  huna   m   the   »heelhouse   --   a 
rather   poor  exposure,   *hich  probably 
accounts   for   the   2   decree  difference 
in   temperature   between  the   "horizon" 
and  fcniwetok   station. 

Prom   numerous  experiences  of 
this   kind,   both   at   atoll  stations 
and   on   shipboard,   one must  conclude 
that   there   is   an   additional   factor 
in   the   tropics,   over  and  above   those 
considered   in   high   latitude  analysis, 
which   makes   for  unrepresentative 
surface-air   temperatures,     tven   the 
lightest   rain   will   cause  a   tall   in 
temperature,   but   the   fall   is  purely 
local   and  moves   with   the  shower.      It 
follows   that   changes   in surface-air 
ternperature   associated  with   rain, 
even   when   the   reports  are  received 
from  stations   which   ordinarily   would 
be  considered   to have  perfect  exposure 
are  quite   unrepresentative,     fcven   a 
cursory   examination   ot   a meteorogram 
upon  which  continuous   traces  of   tem- 

ayed  on   the   same   time   base  will   con- 

3600. EVALUATING   THfc,   SUKKACt   tXhW  PUINT. 

It   is a general   principle of  standard air mass  analysis   that  the surface 
dew   point   temperature   is  more   representative   than   the   surface-air  temperature. 
It   should   be  remembered,   however,   that   the  dew   point   is   not   entirely   free   from 
local   influences,   especially  over   the   large   land  masses.      In  a  continental 
humid   region,   the  dew   point   usually   reaches   its   maximum   during   the  afternoon, 
the  minimum  occurring   in   the   early   morning.     Over  deserts,   on   the  other  hand, 
the  diurnal  variation   in  dew   point   is   the  reverse   of   this.     These  effects  are 
to   be   attributed   ultimately   to  variations   in   the   vapor   pressure  gradient  close 
to   the  surface  of  the   earth   under  continuously  varying  conditions  of  insola- 
tion  and   radiative  cooling.      In   tropical   continental   regions,   one may  expect 
the   same   local   effects   as   in   higher   latitudes,   modified   to   take   into   account 
the   greater  intensity  of   insolation during  the  day.     The   analyst  in  oceanic 
tropical   regions,   also,   should   remember  that   the  dew   point   is   likely   to  be 
strongly   affected   by   the   situation   of   the  station   witn   respect   to high,   steep 
mountain  chains.     Foehn   effects   being  so  large   in   the   tropics,   one  may  expect 
that   the   diurnal   variation   of  dew   point  on  the   windward  side   of  a  large  moun- 
tainous   island  will   be   similar  to   that  found  under  humid  continental  conditions. 
Un   the   lee   side,   however,   a   station  may   record   quite   marked  variations   in  dew 
point  associated   with  descending   relatively   warm  dry   air  passing downwind   from 
the  mountains as  a  foehn.     Here   the  diurnal  variation   in  dew   point  is   likely 
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The results of this and the preceding section then, may De summarized. 
Both temperature and dew point beconje unrepresentative in low latitudes tor 
the same reasons as are discussed in standard texts on air mass analysis. 
Those effects which are to be attriouted to insolation are apt to be magni- 
fied in the tropics as compared with other regions.  Over and above this, 
both elements become unrepresentative in the tropics because precipitation 
is, on the whole, more frequent and heavier than in most parts of the 
temperate zone.  This is particularly true of precipitation from convective 
cloud.  The local nature of rain showers and the massive effects on the 
temperature which accompany them make for abrupt changes in temperature 
and dew point within the tropical air mass; these changes are not to be 
confused with those accompanying the passage of air mass boundaries. 

When all the effects described in the last two sections have been taken 
into account, the tropical air mass over the ocean is seen to oe   extremely 
uniform in the lower layers.  The representative surface-air temperatures 
in the tropical Pacific are always within a degree or two of the sea-surface 
temperature.  Since the gradient ot sea-surface temperature is so small 
within the tropics, a great uniform air mass is produced.  This is the clas- 
sical tropical air mass at its source. 

3700.  UPPKR AIK (RADIOSONDE) OaShKVATIÜNS. 

The mercurial barometer is the most accurate instrument used in synop- 
tic meteorology. Surface pressure observations are usually of a higher 
order of accuracy than is absolutely necessary for isobaric analysis in 
flat continental areas. This is not the least important reason for the 
great prominence that pressure analysis has had in synoptic meteorology 
during the past 80 years. At the surface, as is well known, the pressure 
observations are subject to errors of less importance than those accom- 
nanying the observation of the surface wind.  In high latitudes the surface 
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i.iotjurii'   analy.-.i.i   in   theri-forc   a  (naru   rt-liaule   guidi"   to   the   representative   field 
ut   n.Dtinn   tiiuii   ufe   trie   spot   uu.^e rva 11 ona   taken   Dy   anemometers       Unronsc i ous ly, 
dünn,;   ttiü   riieat   expansion   ut   meteorology   since   air   travel   began,   the   raeteorolo- 
tii-l   tias  adopted   tne   sutler dt it ion  that   all   pressure   oüservations  are   of   this 
orJer   ut   accuracy.      He   tends,    tor  example,    tu   think   that   the   readings   from   a" 
aneroid   barometer   Hi   the   chart   hou.ie   of  a   »hip   on   the   high  seas,   probably   uncheck- 
ed   tor   many   years,    are   comparable   *ith   those   of   the   best   mercurial   barometer. 

This   taith   in   the   accuracy   of   tne   Bourdon   tube,   as   compared  with   the 
mercurial   barometer,    is   perhaps  not   too  serious   in   the   synoptic  analysis   of   high 
latitudes.     The   oceans   of   the   temperate   zone,    at   least,   yield  many  surface 
pressure  observations,   and   since   the   gradients   are   usually  steep,   these,   upon 
critical   evaluation,   are   usually   sufficient   to   yield   a     basically  unequivocal 
analysis.      But   when   the   same   faith  extends   to   the   observations   made   by   radiosonde 
m   the   tropics,   the   upper   air  analyst   immediately  encounters  difficulties   and 
contradictions.      Although   great   advances   have   oeen  made   in   the   past   few   years   in 
the   design  and  mass   production  of  sounding   equipment,   the   principles   upon   which 
the   instruments   are   constructed  are   such  as   to   yield   observations  of   pressure 
ut   a   lower  order   ot   accuracy   than   those   of   the   mercurial   barometer.      Similar 
remarks   apply   to   temperature  measurements  aloft.      The   advances   in  the   design  of 
temperature  sensing   elements   have   been   remarkable,   so  much  so   that   they   even 
record   the   fact   that   the   sun   is,   or   is  not   shining   upon   the   instrument.      This 
feature,   wo  no*   know,   partially   accounts   for   the   diurnal   temperature   and   pres- 
sure   changes  alutt   and   further   establishes   the   greater   reliability  and   repre- 
sentativeness  ot   observations   taken  at  night.      It   is   important   however,   that 
the   analyst  not   torget   that   these   observations   are   used   in  a  manner   quite   dif- 
ferent   from  that   applicable   to  surface   temperature   measurements.     The   radiosonde 
flight   is  worked   up   by   an   integrating   process.      In   the  computations,   small 
errors  accumulate   and   their  effect  may   be  magnified  as   the  higher   levels  of 
the   flight   are   reached.      The   estimation of  contour   heights,   for  example,   is 
such   that  consistent   results   in   the  high  tropical   troposphere  and   lower  strato- 
sphere   are  difficult   to   obtain.     Apart   from   this,   the  meteorologist   who   is 
dealing  with  any   wide   area,   comparable,   say,   with  Kurope   or North America,   has 
to  contend  with   the   fact   that   ditterent  countries   use   radiosondes of   varying 
manutacture  and  design.      The   radiosonde  used   by   the   different   military   and 
civil   services  also   vary   in  design and  manutacture;   furthermore,   corrections 
for   radiation  are   applied   to  some  types  of   observation  and  not   to  others. 

In   the  analysis   of   upper   isobaric  surfaces   in   temperate  and  high   latitudes, 
these   tacts  are   taken   into  account.     The   order   of   accuracy  of  the  instruments, 
the   possibility  of   transmission  and  personal   errors  are   to a certain  extent 
allowed   for   in   the   fineness  of   the  analysis   that   is  subsequently  performed.     The 
isobaric   surfaces,    for  example,   are  contoured   at   wide   intervals,   and   the   good 
analyst   realizes   that   only  major   features  of   the   isobaric  surface  can   be   mapped 
at   high   levels.      In   most   regions,   particularly   over   the   continents,   there   are 
sufficient  radiosonde   observations   to  arrive   at  a   general  contouring  of   the   200 
nib   surface  and   the   gradients  on   this  surface   in   high   latitudes  are  sufficiently 
steep   to  make   the   previously  described  sources   of   error  of  relatively  minor 
importance.     It  cannot   be   too  strongly  emphasized   that   this   is  not  the   case   in 
the   torrid  zone   and   over   the   ocean.     The  slope   of   the   isobaric  surfaces   at   all 
levels   between   250N.   and   250S.   is  so  gentle   that   the   effect  of  an  error   in   either 
temperature  or  pressure   measurement   is  enormous.      It  can,   for  example,   make   the 
difference  between   the   drawing  of  a  maximum  or   minimum   point   in  the   isobaric 
surface  depeiulent   upon   a   single   observation.      The   matter   is  aggravated   by   the 
open   nature  ot   the   tropical   network.     *hen   approximately   1,000  miles   intervene 
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between   successive  stations   ot   the   network,   complete   systems   may   De  over 
looked,   lost  or  reversed   in   nature  during  successive   analytic   periods. 

The  difficulty  of  contour   analysis   in   low   latitudes   is   enhanced   oy 
the   fact  that   the  standard   methods  of   filling   in  gaps   in   the   network,   based 
upon   theoretical   assumptions   about   the   dynamics  ol   the   tlow,   aro   also  inap- 
plicaDle.     The  use  of  the   thermal   wind   relationship,    for   example,   which 
is   based  upon  the  assumption   that   the   winds  are   geostrophic,   when  applied 
to   the   use   ol  shear  vectors   in   differential  analysis,   quickly   leads  to 
fantastic  discrepancies  between   the   ooserved  isobaric   heights   in   the  upper 
troposphere   and  those  deduced   through   the   use   of  thickness   charts.     Tnis   is 
undoubtedly   to  be  expected   on   theoretical   grounds,   since   the   Keostrophic 
wind   assumption  becomes   less   reliable   as   one approaches   the   equator.     There 
is   a   further  difficulty.     Contour  analysis   is  usually   extended  over  oceanic 
regions   by   the  construction   of   "ideal"   lapse  rates   referred   to  surfacs 
ship  observations.     These   ideal   lapse   rates  are  constructed   in   terms  of 
synoptic  models,   of   empirical   knowledge   of  the   normal   lapse   rates   encountered 
in  middle   latitudes   and  of   continuity   (under   the  assumption   that   the   temper- 
atures  are   quasi-conservative   in   the   fiee  atmosphere).      In   the   tropics   this 
method  will   frequently   break   down,   especially   in   those   areas   ot   greatest 
interest,   the   regions  where   there   is  wide-spread  precipitation.     Not  only 
is   the   surface   temperature   affected   by   heavy   rain,   but   so  also   are   the 
temperatures   in  the   sub-cloud   layers.     When  an  aircraft   passes   through  a 
shower,   the   temperature  will   fall;   if   the  shower   is   very   heavy,   there  may 
be   a   relatively   large   fall   in   temperature.     However,   when  the   aircraft   has 
emerged   from the  shower,   the   temperature  will   recover   its   former   value. 
Figure   3-8   is  a  diagramatic   illustration  of   the   temperatures   which  would 
be   recorded   by  an  aircraft   flying  at   1,000  feet   through   a   true   front  ac- 
companied  oy   rain,   and  one   passing  through  the   cool   patches    associated 
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ig. 3-8 Temperature changes  encountered  through  a  warm   front   (left) 
and Cumulus showers   (right)   at  the   1,000   foot   level. 
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*ith lar»ie prticipitating cumulus at ihf sanie levei.  Observations at numerous 
stations tr. the Pacific show that temperature measurements in very heavy rain 
under altost ruf us are often unrepresentative up : L,   ;",000 feet or more.  As an 
example.  We may refer again to i,nu events at Canton Island during the heavy 
rain of 13 April ia53.  (Fig.  J-5 )  At the period of maximum downdraft accom- 
panying the heaviest rain, the radiosonde onservations at Canton Island show 
that temperatures *ere affected locally up to 20,000 feet.  Similarly, if a 
radiosonde happens to be released in the neighborhood of a large cumulonimbus 
and to pass in and out of the successive layers of secondary cloud associated 
*lth the convective mass, the temperature trace will not be the same as that 
of an instrument released a few miles away in clear air,  Orographlc effects 
themselves effect the radiosondes on mountainous Islands.  There are very 
puzzling discrepancies among the radiosondes of the Hawaiian Islands, for 
example, discrepancies which can only be explained In terms of local orograp.V 
ical effects associated with the high mountains near the various observing 
stations. 

These difficulties have led some meteorologists to maintain that the 
radiosonde is an Instrument of little or no value within the tropical air 
mass, so long as it lies in its source region.  It seems to these meteoro- 
logists that the temperature measurements can be so unrepresentative and the 
errors both in temperature and pressure so large, as compared with the grad- 
ients they are supposed to detect, that contour analysis, In fact any type 
oi pressure analysis, is a waste of time.  Moreover, they say, the lack of 
representativeness in the temperature measurements renders the use of the 
soundings in local forecasting of cloud and precipitation misleading and even 
dangerous.  The attitude taken here Is that while all these difficulties are 
to be fully realized, tropical meteorologists should, If possible, persevere 
with both contour analysis and with the attempt to apply the soundings to 
local cloud and precipitation forecasting.  Wherever the observations are 
dense enough (unfortunately In a very few areas of the tropics), contour ana- 
lysis should be attempted.  This Is not to arrive at an Idea of the field of 
motion, since this can be obtained more accurately by other means, but rather 
to investigate the pressure field Itself at all levels.  The pressure gradient 
Is one of the most Important dynamic parameters directly observed and if both 
an analysis of the field of motion and a pressure analysis of any accuracy 
are obtainable, the future possibility of computing the field of acceleration, 
and consequently the development of the weather, lies open.  No doubt this 
will be a difficult task, perhaps Insoluble with the present Instrumental 
observing program.  However, It will not be solved by omitting to take radio- 
sonde observations altogether, nor by neglecting to study pressure-wind rela- 
tionships wherever possible. 

3800.  EVALUATING THE SURFACE AND UPPER WINDS. 

Consider a simple definition of the wind found In one form or another In 
textbooks of dynamic meteorology:  wind Is atmospheric motion relative to the 
earth.  At first sight, this definition is adequate.  Any region In which the 
atmosphere is moving through space with precisely the velocity of the under- 
lying earth Is a region of no wind, that Is, calms; otherwise, there is a 
wind.  Yet strict application of this definition would not only violate every- 
day experinece, but also Invalidate a large part of the basic reasoning of 
dynamic meteorology.  What do we mean by the expression "atmospheric motion"? 
»hat Is moving?  The kinetic theory of gasses implies that at all temperatures 
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o o served on t he e u r t h , th e "' o L · e u I · ·" ll I th e a t m us ph e r 1 c .,; a:-." e s il r e 1 n 
incessant ranJ ot .• motion; 1n an y n~:.; 1 o n o t u pp ar e nt c;.d n. , co untl e ss 
billions of mo l ec ul es a re muvin ~ 1n il l! d 1rec t1 o ns r c lat1v e to tn P earth . 
I\ evert 11 e 1 e s s , the m o 1 e c u J a r "' u t 1v n i " not p e r c e p t 1 o 1 e as " 1 n ::1 • L 1 e a r J y , 
o e fore we can observe a w 1 n t1 , t h ~ a t n. o ~ ph e ric tu a t t e r t h a t i s m o v 1111: 
mu s t com;ist or much more thu.n a :nn ~ l e rr. o lc c ul P and th e.r1e mu st oe son.c 
hl n:i of systematic movement o t n:any n.ol c•c ul e :; :-.upe rin.pose a uvou th e ir 
r a n om motion. Th e wind must, in fact, consb;t in the n.ot1on of a col
l .e ctlOI& of mol ec ul es occupying a volume large e nough to e n!" ul e (at l eas t 
in principle) ~ e asur e m e nts of teruperuture anti pressure to ue mad e within 
it, and yet small e nough to enaole th e ~utt e r ln it to o ~ tr ea t e d th e ore t
ic a 1 1 y as a sing 1 e "' o vi n ~: part 1 c 1 e • T h c in s tan tan eo us "' e u n n: o t ion u t the 
molecules within th1s volume could be definetl as the wind ut a point 1n 
space corresponding to the center of symm e try o f the volume. Po~ purposes 
of discussion we snall call tn e 111nt1 so de 1inc d, out ne vl!r observed, th e 
"true" wind. 

The fore~:oing detinltiou is oas e tl on th e oreticill considerations, anti 
is dominatetl oy the desire to :avo1d vi o lation of our common e xper1ence. It 
is doubtless inad e quate tor some th e or e tic a l purposes. ~or us, how e ver, 
tn e di1"1iculti es aris1ng trom 1t u r ~ pra c t ica l; this "inti is ne ver observ-
ed in routine me t e orologica 1~ practice, nor is 1t ever plotted on a synop-
tic map. Perhaps the closest approx1mation to it wnich is attainaole 
practi cally, is given oy til e oi.Jservat1on ot a hot-wire aneu:ometer, or of 
finely divined matter, sucn as a ve ry small c lout! o1 ions, s uspended in the 
air. dut these methods still giv e only an ap~roximation to tne true wind. 
Th e n.eteorological 11 1-'article" or "pa rc e l" would prouaoly occupy at any instant 
a volume so sn.all that any pra c ticul lll ::> trun.ent usctl in observation would 
inevitably disturo the ~ ol~~ ular mot1ons ~ithin it. "nat would oe observ ed 
then, would oe the true wind with an atlded compon e nt due to ~he 1ntro::luct1on 
ot· the instrument. H011 e ver this may oe, the ob:.el-vation ot air n.oven.ent .. / 
by highly sensitive methods is still of great value; it gives us :.ome 
empirical grounds for interring the general prop e rties ot the "true" wintl. 
fhe general result of this type ot an eru om e try may oe summed oy saying that 
the mure we increase the sensitivity an u accuracy ot w1nd measuring 
Instruments, th e greater oecorne the tluc tuations from one i nstant to the 
next in the oose rvea wind. The inference is that the tru e wind is a vio
lently tluctu a tin~ entity and that the atmospheric motion mentione ~ 1n the 
definition is always ni ghly turoul e nt. 

At tnis point we may l)ause to inquire "hetht>r in searching for· ·a 
means ot detining and rneasurin~ th e true wind, we have not departed too 
f a r from common experi e nc e . fhe atmospher1c fluctuations revealed oy 
very relined and s ensitive anemometerD oear only indirect relationshiPS 
to th e motions called wind oy th e layman. he jud~es tne ctirect1011 and 
torce ot th e wind as he kuo~s it oy ooserving the inte~rated visible 
effect o f the fluctuating tru e wind on structures, vehicles, livin~ 

orga nisms, loo se surtace mat e rial, and i.Jodi e s o t 11ater. The synoptic 
meteorologist is call e d upon to ooserv e and to forecast chan ges in this 
win d. The atmos~neric motion to oe plotted on synoptic maps, to oe 
suoject to analy s 1s, and tinally to be foreca:;t, is ther e fore some kina 
of integral or ave r ag e of the true wind, and this k1nct of average 1s 
somehow determined by the s cale of n.ann.ade structures, of the larger 
liv i ng organisms and of wuves on the ocean. In tact, the ooserved wind 
is always an av e rage tak e n ov e r s ome time 1nterval and ov e r some volume 
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l lA · ~lth r ~ s~ ~ c t t o th e surface o f the rotating earth. This ~ina i~ ~ reated 

a ~ 1 f 1t we r e o u~ t rv ed at a po1nt fix ed ~~t~ respe c t to the surface of tne 
ea rt h a nd a t a n 1nstant 1n t1m e . 

In pra c tice th e volum e and t1 me Int e rvals over which the yverages are 
ta ke n d iff e r e nor~ously fr offi on P type ot ~lnd measurement to another. The 
e a rl1 e st and most primitive me thods of ~lnd measurements frankly made use of 
t he· laym a n's intuition. Th e .~icr o n es ian navi~ators, who in former times made 
l ong voya ges in ocean-going outri ~ g e r canoes through the archipelagoes of the 
•iar s nall and Caroline Islands, 111 asur ed wind forces as "one D1a11 wind", "two 
n.at t ~1nd " UIJ to " four man 1111n0 " , acc ording to the number ot men required to 
s tand 0 11 til l:: outrigger platform to prev e nt the canoe Ca!Jsizing under ~ail. 

l he ~ea ufort scale ot ~1nd force, si~llarly, was based upon the oehavior of 
.·ail i ng shi ps an ll UIJOn tne reacti on o f oc ean sur1 a ce to various ~t~ind r· ~rces. 

In th e s e systems tne vess e l its e lf was an ~>nerr.orr.eter and it~:: sluggish reaction 
t o a ny out the more violent long-period fluctuations of the true wind conven
I e ntly c ut ao wn th e time of th e o~servation of its oehavior to a short period, 
us ually of th e ord e r o f a m1uut e ; th e volume over which the average was taken, 
how e ve r, mi gnt oe very large. Th e deep sea criteria for judging Beaufort wind 
t o rc es , for e xampl e , dep e nded upon the use of the full-rigged man-of-war as an 
c.nemo me t e r. 3eaufort forc e 3 was :; aid to ue (1874) "that in which a well-condi
tion e d man-ot-war, 111ith all sa1ls set and clean tull would go 3 to 4 knots in 
sm oo th ~eatn e r " . Th e volu me of a1r explored bY such a ship 111as huge i !: compari
s on with that s e ns ed oy the he ad of a fixed anemorr.eter on lana. .V.oreover, the 
~ina variati on with the height up to the mast top influenced the behavior of 
t he shiP and th e ~ann e r in which an experienced master would set the sails. 
3eautort wind forces we re also estimated from observation ot the effect of the 
11ind on the ocean surface or, in the case of land observationa, on dust, trees, 
and bUildings, It was specified that the field of ooservation was to be large 
iu most cas e s it included all the surface effects visible from the observing 
station. A ~:oou ooserver ~ould .,_atch the effect of the· wind for a fairly long 
pe riod, say J to 5 minutes, before recording his data. In this system the 
volume over which the averages w~re taken was !lgain huge; ho.,_ever, since 
s urfac e e tfects only were observed, its vertical extent was small and vari ed 
• ith the force of the wind. 

Compare a ~1nd measurement at sea in terms of the Beaufort scale, with 
one made by means of modern ship-borne anemometer. Uy convention, the time 
Int e rval for av e ragin g the latter is one minute. Allowance has to oe made 
for the motion of th e s hip under its own power, though this is often neglect
ed-- to th e je triment of synoptic analysis. The ship's anemometer is a much 
~ ore sensitiv e Instrument than the full-rigged sailing ship , for which the 
!3e autort scal t: ~as devised, out an increase in sensitivity of marine anemometry 
is not an un ~ 1~ e d bl nssing. Modern ships are generally larger than the sail
i ng shiP and th e y ar e driven throu gh the water at relatively high speed. The 
vo lum e of air e xplored by the anemometer is much smaller than the peaufort 
vo lum e , out the ship it se lf is still part of the observing instrument. Its 
pr e s e nc e disturbs the air movement, adding to it eddies that in the mean give 
a n unr e pr e s e ntative c ompon e nt to th e wind at the anemometer head. After these 
a nd othe r d ifficultie s are taken into account, the wind observed is prooably 
no c los e r to the tru e wind, as previously defined, than were the older aeaut·ort 
me asurements ; it is just a different avera~e with an added systematic error that 
var1 e s with wind dir ection and speed. The same remarks apply to standard 
an emometer measurem e nts on land. The anemometer record gives a wind that is not 
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more   "accurate"   than     the  older   Jeaufort   mea.surt'ftcut.s,   uut  iiicri'ly   dillerent, 
the  averaties   being   taken  over  ditle'rent   space   and   Lime   iiitervai«. 

If  these   considerations  show   that  what  we   call   the  surtace   wind   com- 
prises  measurements   that  are  hardjy   comparaole   trim  case   to   case,    how  much 
more  difficult   is   it   to  compare   upper   winds  opserved   by  different   methods. 
In  all   cases  winds  aloft  are  estiniatcd   by   the   ooservation  of   moving  objects. 
The  winds  again  are  clearly  space  and   time  averages.     Sometimes   the   space 
average   extends   over  a   tremendous  volume.      Ainds  estimated   by   the   total 
drift   of   an   aircraft   between   points   500   miles   apart,   lor   example,    cannot 
reasonably   be   referred  to  a  point   in   space;   nevertheless,   so-called   loran 
winds  are   frequently   plotted   on  synoptic   maps   at  specified   points   and   in 
analysis  are   compared  with  winds  derived   from   the   rawinsonde.     Neither 
of  these  winds   are   the   true  winds  con teii.p 1 ated   by   theoretical   meteorology, 
but only   the   rawinsonde  may   reasonably   be   referred   to  a   point. 

At   the   outset,    then,   we   ought   to   admit   that  we  do not   observe   nor 
is  the   synoptician   particularly   interested   m   "true"   winds,   and   that   the 
problems  of   dealing  with   the  observed   winds   theoretically  are,    in   the 
present  state   of  knowledge,   completely   impracticable.      It   follows   that 
kinematic  analysis  that   is,   analysis   of   the   field  of  motion,   is   largely   an 
empirical   science.      its  object   is   to   analyze  and   to   forecast   changes   in 
average air   movements  as  measured  by   the   rawinsonde.     Before   such   an 
analysis   is   begun,   theory  can  say  very   little  aoout  what   tu  expect   on   the 
maps.     The   most   that   the   foregoing  considerations  can   nive   is   the   warning 
that   tne   "winds"   treated   in  any  analysis   should   be   as   near  as   possible   com- 
parable,   that   is,   that   the   spaces  and   times   over  whi'ti   the   avt rages   are 
taken  by   the   observing  instruments  should   ue  at   lea; i   ot   thr   name   order  of 
magnitude.      Multiple   drift   winds   taken   on   board   a   reconnaissance   aircraft, 
for  example,   should   not   be  compareU   with   "navigation"   winds   trom   a   tran- 
sient  aircraft   flying  between   two airports:      they  should  not,    in   fact,   be 
plotted   in   the   same   manner  on   the  same   map. 

Although   the   averaging  process   carried   out   during   the   normal   wind 
observation  eliminates  short  period   fluctuations,   the  data,   particularly 
in  the   lowest   layers   of  the  atmosphere,   can  still   be  unrepresentative, 
tddies  of  all   sizes   probably exirit  in   the   atmosphere  up  to the   very 
large  ones   we   study   on   the  synoptic   map,   namely,   cyclones   and   anticyclones. 
The  object   of   kinematic  analysis   is   tu   investigate   and   identify   these   large 
eddies,     smaller  disturbances  of   the   flow,   such  as  are  set  up   by  difference 
between   land  and  sea,   for  example,   will,   on   the   synoptic scale   of   reference, 
be eddies   leading  to  unrepresentative   observations   ot   wind.      In   parenthesis, 
it  should   be   noted   that   these  medium-sized   disturbances  are   by  no   means   un- 
important   in   synoptic  meteorology.     Their   influence   must  always   be   consider- 
ed  in   forecasting,   particularly   in   local   forecasting.     But,   in   the   large- 
scale  analysis,   the   typical   synoptic  description   ot   broad  air-tlow,    they 
should  be  eliminated.     Por  our  purposes   we  may  classify  the  medium-sized  dis- 
turbances   into   three   types:     firstly,    land  and  sea  breezes;   secondly,   oro- 
graphical   eddies;   ami     linally,   what  may   be   called   precipitation  winds. 
We  shall   discuss   these   in  order. 

In  classical   meteorology,   the  nest   examples   of  land  and  sea   breeze 
circulations  were  always  descriued  as   occurring   in   the   tropics;   the   accounts 
found   in standard  textbooks  are  still   trustworthy,   but,   it  should   be 
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emphasizud   here,   ten^l   tu   oversimplify   the  natun1  of   the   circulations.     ineore- 
tlcally,    the   land   and  sea   Dreezes   should   prevail   on  all   islands   and  coastal 
ureas   in   the   tropics.     However,    the  so-called  sta  oreeze   component  of  the  wind 
is   so  small   on  atolls,   even   those   within   the doldrums,   that   even   long series 
ot   statistics  do  not   sutflce   to  show   them  unequivocally.      On  certain  atolls, 
with   large   individual   islets,   a   barely   significiant   variation   in   the   force  of 
the   wind   between  dio   and  night   is  detectable.     The  variation   is  certainly   too 
.~mall   to   oe   taken   iiito account   in   synoptic  work,   and   so   far  as   is  known,   is  of 
no   practical   importance.     Consider,   for  example,   the   statistics   from  the   Island 
of   Penrhyn   in   the  South  Pacific,   (the   structure   of  the   island   is   shown  in  Figure 
.i-y).     The  mean  speed  of   the   wind  at  Ü8Ü0  hours   local   time   for  the   period   1937 
to   1J42   was   9   knots;   afternoon   ooservations  at  approximately   1400   hours  give  a 

mean  speed  of 6  knots.     Further,   the mean 
wind  speed   in  the   5   degree  oceanic  square 
centered  on  Penrhyn   Island,   from  over  50 
years  of  .slip  observations,   is  9  knots.     On 
the   island   there   is   no  significant difference 
between  the  afternoon   and   morning wind  direc- 
tions  and   the  differences   in  speed are 
certainly  not  of   synoptic   importance.     As 
will   be  seen  from   the   map,   Penrhyn  Island 
is   a   typical  atoll   and   the   island  upon 
which  the  observations  were   taken  is  very 
low,   the  highest   point   on   it   being 50 
feet   --   the   tops  of   the  coconut  palms. 
It   might  ne  argued   that   the   islands on 
the   reef are  so  small   that   they  cannot   pos- 
sibly affect  the  wind,   the  area being 
heated during  the  day  and  cooled during 
the night being  infinitesimal   in comparison 
with the broad ocean.     In  order  to see how 
large  an island must   be   before it affects 
the  circulation  through  the  land-sea breeze 
mechanism to an extent  significant to the 
synoptic meteorologist,   we  can refer to 
another island  in  the  South Pacific,   Nlue. 
As   may    be   seen   from   Figure  3-10,   this 
island  is not  an atoll,   but  is a more or 
less  flat coral  plate,   not  enclosing a  lagoon. 

Here  one  might  expect,   on   theoretical   grounds,   a marked   land and  sea breeze 
reKime.     However,   the only  affect  that  can be detected  in  the  statistics  is a 
tendency   for  calms  during   the   night  and  early  morning   hours   in  July  and August. 
There   is   no  significant difference   in   wind direction   between   the  morning  and 
afternoon  observations,   but   the   mean  speed  in  the  early   morning   is  5  knots,   _ 
the   afternoon   9  knots.     Note   that   the   observing  station   Alofi   is  on   the  west- • 
ward   or   lee   side  of  the  island   and   that   probably  the  wind   that   reaches  this 
station   is  somewhat  diminished   by  surface  drag  over  the   coral   surface.     This 
is   borne   out   by  the   fact   that   the   average  wind  speed  over   the   neighboring 
ocean   is   12  knots.     hven  an   island   as   large  as  this,   then,   although  a  "land 
breeze  component"     can  be  detected   in   the  statistics,   does  not   provide an  area 
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Fig.   3-1. The Geograohy of 
Penrhyn   Island. 

58 

■■■- -■-■ -•--- 



JüOÜ. 

■••• io'm 

ifi 

Fig.  3-10.     The Geography of 
N iue. 

large b.nough to give the well-aeveloped land 
and sea breezes of classical tropical meteor- 
ology.  At all events, the difference in 
wind speeus between night and day are not 
such as would need to be taken into account 
in synoptic analysis. 

The situation is very different when 
the island is of high relief.  The best- 
developed land and sea breezes are found on 
tropical islands which have high mountain 
peaks in the interior.  Fake, for example, 
the station Papeete on the leeward coast 
of tt-o Island of Tahiti, figure 3-11.  As 
an example, we may refer to the statistics 
for July and August.  ihe frequency of 
calms at OöOO local tine is ö3/o; at 1200 
local time, 1000 local time, 36%; and at 
midnight, 11%.     Contrast this with the 
frequency of calms over the open sea in 
this area and for the same time of the year; 
the frequency is approximately S/i.  These 

statistics on calms only emphasize the 
conclusion which may be derived from a study 
of the variation of wind direCion and 

During the atternoon there is a pronounced force at various hours of the day 
shift of the wind towards northerly directions, while the mean wind over 
the sea is from the east and southeast.  A study of islands througiout the 
Pacific, especially in the Hawaiian, Fijian, and Indonesian areas, shows 
that land and sea breezes are best developed on the lee side of mountainous 
islands. 
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It seems that orographic dis- 
turbances of the winds are only 
with difficulty separated from the 
land-sea breeze regime.  There is 
always a tendency for a large 
eddy to form, in the vertical plane, 
in the lee of high mountain barriers 
in the tropics.  Furthermore, the 
eddy is often detected at the sur- 
face as a foehn wind.  In the after- 
noon temperatures are usually much 

higher on the lee plain and lee 
coast than on the windward side of 
the island.  The combination of 
surface heating and upper level 
eddy circulation set up by the 
mountains produces the sea breeze. 
On some lee coasts this may become 
strong.  For example, it is not 
unusual for the southwest sea 

breezes on the lee coast of New Caledonia to attain the speed of 25 knots ir 

the face of the prevailing trade winds.  Similarly, the land breeze at night 

TAHITI 
STATUTE  MILCt 

Fig.   3-11.     The Geography of   Tahiti, 
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is Uf.st developed on mountainous islands and is undoubtedly a combined land 
breeze -- mountain wind phenomenon. 

In most '-ases, it is difficult to estiniate the depth of the sea breeze 
circulation.  On the few islands where a study of vertical structure has been 
made there seems to Le a good correlation between the depth of the circulation 
and the height ul the mountain barrier.  At Batavia, Java, for example, the 
sea Dreeze circulation may extend to a depth of a.OOO feet during the middle 
nl the day.  On the other hand, at Nandi on the west coast of Viti Levu in the 
iijian Islands the sea nreeze and return-current system do not usually extend 
ahove 4.OÜ0 teet.  The mountains on Java are much higher than those on Fiji 
und there is an approximate correlation between the depth of the sea breeze 
and the heights of the mountains windward of the station.  The whole subject 
nt land and sea oreeze circulations is badly in need of investigation and it 
would pay the forecaster newly entering a region to spend a little time study- 
ing the details of the land and sea breeze regime of all important stations in 
his area.  The literature usually contains studies of individual stations 
.vhich may be taken as a guide.  Vhe analyst should study the lower layers of 
wind soundings trom stations which lie in the lee of mountain chains or peaks 
and attempt through experience to correlate the lower level winds will   'he 
height of (he obstacle and with the direction of the general wind over the 
ocean.  In low level analysis, experience of this kind will enable him to 
extrapolate from the upper levels of the soundings, above the height of the 
mountain barrier, downward toward a reasonable representative wind for use In 
large-scale synoptic analysis.  On the other hand, he must take the sea breeze 
into account in analyzing local weather and issuing local forecasts. 

It has already been pointed out that heavy showers from cumulus congestus 
or from cumulonimbus are almost invariably accompanied by downdrafts.  The 
effect ot these drafts can often be seen by an observer flying in the neighuor- 
huod ot a snower cloud over the open sea.  In addition,to the rain pattern on 
the surface of the water, the so-called squall winds accompanying the shower 
and surrounding the cumulus cloud, particularly at its forward moving edge, 
can easily ue seen on the surface of the water.  In former times sailors used 
to report these as squalls, or rain squalls; indeed, to many seamen of the 
present day a tropical squall invariably means rain accompanied by strong 
gusts.  Anemometers on atolls frequently show the marked correlation of this 
type of wind with the onset of a shower.  While the general wind may be only 
5 to 10 knots, immediately before the shower and during the early part of Its 
passage, squalls or gusts to 40 knots or more may be experienced.  Naturally, 
on an island like Guam (where these squalls are quite frequent in the wet 
season) the anticipation of sudden wind changes of this nature at air fields 
is a matter of some importance to successful forecasting.  It is perhaps not 
so easily realized, however, that such squall winds also have to oe considered 
during analysis.  Observers, recording the surlace wind, are usually well 
aware ot the unrepresentative nature of the squall wind and will generally 
report a wind speed and direction that has been prevalent over some time; 
ttte squall winds are then reported as special phenomena.  What Is forgotten 
is that these squall winds may partly vitiate the value of a pilot balloon or 
rawinsonde Jüservation.  If the rawinsonde Is released just before or during 
the passage of a shower, so that the lower transit of the balloon is In the 
region of do.mdratt, quite unrepresentative winds may be reported.  All observa- 
tions of winds at levels below 4,000 feet made during the period of heavy pre- 
cipitation should be treated with caution.       , 
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4000.     HIND ANALYSIS 

4100.  GKNtRAL RfcMARKS ON WIND ANALVulS. 

The quantities ordinarily arising from meteorological measurements and 
entering into their subsequent analysis belong to two classes called scalars 
and vectors, respectively. A scalar has magnitude but is not related to any 
definite direction in space; it is completely specifU'd by a single number. 
For example, the mass of a body and the density of a gas are quantities which 
require for their specification only the assignment of a number which is ob- 
tained directly through observation or indirectly by calculation. Un the other 
hand, a vector quantity requires tor its complete speci1ication not only the 
assignment of a number representing its magnitude out also a statement of its 
direction in space. The speed and direction of a uody and the atmospheric 
pressure gradient at a point are examples of vector quantities. The true wind 
is a vector quantity, that is to say, in addition to magnitude it has a def- 
inite direction in space. At an instant the true wind may be oriented in any 
direction with respect to the vertical and horizontal axes mrougn the point 
of observation and it will fluctuate widely from instant to instant. However, 
it is only the horizontal components of the true wind that are averaged dur- 
in the process of observation and it is this average horizontal wind with 
which we deal in synoptic meteorology. Vertical components are neither ob- 
served nor, under ordinary circumstances, computed, tach wind observation is 
usually referred to a point in a surface, parallel to or coincident with the 
surface of the earth, the height of the surface being specified. The wind 
vectors which are considered during wind analysis then lie wholly within this 
surface of reference. 

The object of wind analysis is to construct a continuous representation 
of the wind field from the observations of the two-dimensional horizontal 
wind vectors on each surface. The various surfaces together constitute a com- 
plete analysis from which it should be possible to read the horizontal direc- 
tion and speed of the wind at any point in the analyzed space. 

The complete analysis of the wind field also provides a means of obtain- 
ing other subsidiary fields, such as the divergence and vorticity of the wind 
(refer to section 6200. ).  While work on the practical application of these 
derived fields has progressed very slowly and has not yet reached the stage 
of everyday operational use, we may assume that future work will lead to oet- 
ter understanding and greater use of them. 

The difficulties of wind analysis arise both in interpolation and 
interpretation.  First, interpolation is a much more difficult process 
than any customarily encountered in temperate zone weather stations where 
the interpolations practiced on a routine basis have been of the scalar 
type.  The analysis of the pressure field, tor example,is a relatively 
simple process; a scalar field of this type requires for its represen- 
tation only one set of iines tailing in sirrple patterns.  A vector 
analysis, however, such as that ut the wind field, involves a much more 

6) 



4 lUlj. 4210. 

Utiicult interpolation. Tho patterns are not simple; furthermore, they occur 
in t*ü sets ot lines which must be superiniposed.  The process of interpretation 
also, is mure difficult.  Behind the developed synoptic models of frontal analy- 
sis lie almost one hundred years ot experience in the analysis of pressure fields; 
there are thousands of practitioners of the art, and in their daily work they 
continually check and improve the application of the models.  In contrast, wind 
analysis is, as yet, rare outside tne research laooratory.  The relation of the 
»viiid analysis to other fields, such as that of pressure, is very obscure over 
Li large part ot the earth.  Piles of we 11-analyzed wind maps are rare and the 
complexity of the patterns displayed on them makes the statement of general rules 
vry hazardous. 

420Ü.  REPRtShNTATION UP THE «IND PIELD. 

There are many possiole representations, graphical and non-graphical, of 
vector fields.  The choice of one tor use in practical synoptic work depends 
upon several factors:  the customary materials of the map analyst, the ease 
of comparison with other meteorological fields usually studied in weather sta- 
tions, the method ot observation, and the manner in which the observations are 
recorded and transmitted.  As mentioned in section 3bü(X, the winds which inter- 
est the synoptic meteorologist are time averages of the true wind over a 
period of the order of one minute and space averages over volumes of the order 
Jt one cunic mile.  Un the scale of maps used in most weather stations and on 
the time scale of the changes which have to be forecast, these winds may be 
referred to a point in space and to an instant in time without serious error. 
Ihe place ot observation is sufficiently well specified by plotting it as a 
point on a map bearing a latitude and longitude grid, and by a map reference 
to the height of the surface of analysis above sea level.  If the map scale 
is such that a point can be located to the nearest tenth of a degree, both of 
latitude and longitude, all practical purposes will be served.  Maps of a 
smaller scale are usually not sufficiently large to show the space variation of 
the observed winds, especially if calculations, such as those leading to a 
knowledge ot the vertical motion, are intended to be made.  Small-scale maps, 
however, are sometimes useful for preliminary sketches before the definitive 
analysis is attempted.  In addition to the height of the analytic surface and 
the latitude and longitude grid, the map should specify the time of observa- 
tion (to the nearest hour) or, in the case ot a prognostic map, the time to 
which the prognosis refers.  If the region of analysis includes land areas 
other than very small islands, it is a great advantage to have the represen- 
tation of these land masses contoured at 1,000 foot intervals on the base map. 
It almost goes without saying that, for use in the tropics, the map must be of 
a .wercator's projection. 

4210.  The Two-Component Method. 

Since only the horizontal components of the true wind are averaged in wind 
ouservations, they can be specified by plotting their component toward the 
north (this we shall call the v-component) and east (u-component) at the point 
of observation.  Wind analysis can then consist of separate scalar analyses ot 
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the u-field and the v-fiejd, using interpolations similar to thu.se on pressure 
or contour maps; the final result is derived üy superimposing the two sets ot 
lines so obtained, on the same map.  Figure 4-1 is an example of this type of 
analysis.  For certain computations, chiefly used in research work, this torn, 
of analysis is sometimes useful.  However, for the development and application 

Fig.  4-1.     The  two-component method of wind analysis.     The solid  lines  are 
East components.     Broken  lines  are north components 

of synoptic models, the loss of the intuitive picture ol fluid movement, 
which we all possess as a result of everyday experience, is a serious 
handicap.  Further, wind observations are not normally transmitted in 
the form of two components, so that a tedious resolution of the wind 
vectors is required before plotting.  Obviously it is an advantage to 
plot the wind« in the form in which they are received in the weather 
station and this imposes certain restrictions on the final representa- 
tion of the wind field.  At the present time winds are specified by the 
direction of the horizontal vector, measured in degrees clockwise from 
the standard direction of north, and the speed or intensity of the 
horizontal vector, measured in knots. 
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Fig.   4-2.     The vector-arrow method of wind analysis.     Heavy vectors  are  plotted 
data.     Light  vectors are   interpolated 

tu the eye.  Finally, the wind speed cannot be read from the analyzed chart. 
without the aid of a scale for measuring the length of the arrows.  Figure 
•4-2 illustrates this type of wind analysis. 

61 

MM 



4230. - 4240. 

4230.  Tue üidcontinuous Streamline ivlethoi 

This method involves a single set ui   lines aravvn tangential to the winds 
and spaced accordin;; to an urDltrary speed scale.  This, ol course, neans that 
in areas of speed convergence (see section 6200. ) soriie lines must üe trupped 
from the field and in areas of spi-ed divergence lines n.ust he added to the 
field; thus the streamlines are discontinuous.  rtuile this method has ueen used 
in the past, it is easily seen that it is inipossiule to represent com^letely 
tne true horizontal wind field in this nanner.  For example, in areas ol hori- 
zontal streamline convergence (see section 6200. ) the streamlines must con- 
verge toward each other; yet the speeu may üe decreasing downstream rather than 
increasing, as the tighter spacing would injicate.  figure «i-j illustrates tin 
type of wind analysis. 

'JOi_ 

The discontinuous  sfreaml ine method of wind analysis, 
is   indicated by  the spacing of  the streamlines. 

4240.  The Streamline-Isotach Aiethod. 

I70E 

Wind  speed 

The best form of wind analysis available at the present time consists of 
two sets of lines.  The first set (called the streamlines and bearing arrowheads) 
is entirely devoted to representing the direction of the wind. The second set 
of lines, called the isotachs or isovels, represents the wind speed and is labeled 
in knots.  A complete analysis consists of both sets of lines, one superimposed 
upon the other. If the lines are sufficiently close together, it is possible 
to read the wind direction from the streamlines and its speed from the isotachs 
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lit any position on thu map.     An intuitive incture ot lluid motion may ue applied 
tu this type ot analysis ana th»1 wind data may be plotted directly from its 
transmitted form.  Figure 4-4 illustrates a completed streamline-isotach chart. 

Fig    4-4.      The  streaml me-isofach method of wind analysis.     Streaml ines 
represent  only   the wind direct ion.      Isotachs  represent   the 
sreed. 

4300.  syNUPTIC WINiJ PATThRNS. 

In the streamline - isotach method of wind analysis, as in other types ot 
Hieteorologica1 analysis, familiarity with standardized synoptic patterns is 
essential, especially in areas of sparse data.  Be are all familiar with 
the patterns found and tollowed in conventional sea-level pressure analysis, 
such as highs, lows, truths, ridges, fronts, and wave-to-occlusion trains. 
In wind analysis the patterns identified at present are the "tropical cur- 
rents", asymptotes, waves, singular points ana speed maxima and minima. 
We will first discuss the streamline patterns, then the Isotach patterns, 
and, finally, wind patterns in the vicinity of fronts and shear lines. 

4310.  Tropical Air Currents. 

Tropical air currents cover the whole oceanic area oetween 20 to 25 
degrees North Latitude and 15 to 20 degrees South Latitude.  This area is sub- 
ject to the well-known sensonal variations mentioned in section 2211.  The cur- 
rents are difficult to describe, since they have no well defined boundaries. 
Howi'ver, they may be thought of as rivers of air often many hundreds ot miles in 
length.  They appear on the wind charts as bands of gently curving,re latively parallel. 
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streamlines.  The composite streamline pattern, frequemij .nt r, rs to consist 
mainly of these broad currents which s'piral outward froir, the  f;t,;rr D?tlcy- 
clones, into zonal flow, i.e., tradewinds, and similar ssvller currents which 
spiral into the low latitude cyclones.  The correct interpr0'   " '. of the 
movements and changes in these currents is often as essential  " *'" analysis 
as that of the singular points (section 434Ü),  Figure 4-5 il*n<;T '■■<   tht-i 
composite streamline pattern. 

Fig.  4-5. Typical   low   level  sfreamline pattern  over a   large oceanic area. 

The trades and monsoons discussed In section 2200 represent the mean 
flow patterns produced statistically in the low levels by these currents. 

The trades consist of numerous such currents which enter the tropics 
from the north or northeast In the Northern Hemisphere, and from the south or 
southeast in the Southern Hemisphere.  These currents originate in mid- 

latitudes, enter the tropics around the eastern ends of the subtropical 
anticyclones, and continue westward through the tropics.  Each individual 
anticyclone which is Integrated Into the subtropical band of high pressure, has 
associated with it one or more of these currents, which merge in the broad 
tradewlnd zone. 
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The term, "trades", ai^ilius .strictly to the »inrl flow and must not be 

confused with the pressure pattern.  The cross-isuDar conipunent ot the wind 
is generally such that, at low latitudes; flow in the southwest side of the 
anticyclones remains easterly rather than southeasterly.  When the equatorial 
trough is displaced well into the opposite hensphere, these currents frequently 
cross the equator and recurve to uecome part uf the monsoon currents. 

The surface wind speed, in we 11-e.stab 1 ished, steady Nt. or NNh tradewind 
currents, is generally between 10 and 20 knots and at times reaches steady 
speeds ot 2J   knots or more.  uver areas such as the Western Pacific where the 
tradewinds are more variable and frequently blow from the east or southeast 
the speed is gehe rally Jess than 10 knots. 

4320. rt.^yii;) totes. 

Asymptotes forni part of one of the simplest of streamline patterns.  They 
may be defined as streamlines in the wind field away from which neighboring 
streamlines diverge (positive asymptotes) or towards which they converge 
(negative asymptotes).  Theoretically, the asymptote would never be touched 
uy the neighboring streamlines.  Practically, because of the map scales com- 
iiionly used, the asymptote has to be drawn as a streamline with which the 
neighboring streamlines merge (Fig. 4-6). 

ig.   4-b. ■■irrime   tsyrotctes   of divergence,   left, 
I'-J convergence  right. 

Identifying the 
asymptotes is one of 
the most important 
steps in streamline 
analysis; it enables 
the analyst to determine 
the main features ot 
the overall streamline 
pattern.  It must be 
remembered that the 
asymptotes may or may 
not represent lines 
of true horizontal 
mass divergence or 
convergence, depend- 
ing upon the distri- 
bution of wind speed 
in the area.  This is 
discussed in greater 
detail in section 6200. 

W ll V i T .i M 

1 i ' i ., ii u s 

11 terns. 
wlmiic portion ot the perturbation i.e., the trough, but this should be 
voided.  Waves usually appear in the nroad zonal currents (descrioed in 

. ii. ihe streamlines are merely perturbations in a wind current, 
to the wave-like arrangement of troughs and ridges in isooaric 

l"iie term  wave" is applied by some forecasters only to the 
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section 4310) such as the tropical easterlies; these major zonal currents 
usually have one or more waves superimposed upon them at any given time. 

In most cases waves do not extend across the entire width ot the 
current in which they are embedded.  They are then known as "damped waves". 
In this case the streamlines on one or both sides of the current have 
smaller amplitude than those in which the wave is most pronounced, (See 
Figure 4-7). 

4340.  Singular Points. 

Singular points are the most 
complicated of all streamline pat- 
terns.  They are points into which 
more than one streamline can be 
drawn or about which the streamlines 
form a closed curve-  At these points 
the wind would appear to have more 
than one direction.  This, of course, 
is impossiole and we actually tind 
no wind right at the singular point, 
i.e.', there is zero wind, or a calm. 
Therefore, the winds in the neighborhood 

of a singular point are always relatively light, a useful fact when attempt- 
ing to locate the singular points in the analysis.  There are three classes 
of singular points, namely "cusps", "vortices" and "neutral points". 

4341.  The cusp is relatively unimportant in synoptic wind analysis 
since it is merely an intermediate pattern in the transition between a 
wave and a vortex and usually exists in any one plane for a very short 
period.  Figure 4-8 illustrates two of the many variations of this class 
of singular points. 

Fig.  4-7.     A damped wave   in the 
stream I ines. 

Cyclonic Anticyclonic 

Fig.   4-8.     Cusps   in a  straight east  to west current. 

4342.  The vortex exists in great variety, accompanying outdrafts, 
indrafts, cyclonic flow, anticyclonic flow, and combinations of the first 
two with the latter two.  Figure 4-9 illustrates the basic types of 
vortices generally found in the streamlines. 

69 



4342. 

Outdroft Indrofl 

Anticyclomc   Outdroft Cyclonic   Indroft 

Anticyclone Cyclone 

Anticydonic    Indroft Cyclonic   Outdroft 

Fig.  4-9.     Vortices   in the stream! ines.     The cyclonic and anticydonic classifi- 
cation applies   to  the Northern Hemisphere. 
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An outdraft represents the type of vortex from which the streamlines 
depart from the central point, in different directions.  Naturally, stream- 
lines rarely depart from a singular point in straight lines; they car-' 
either cyclonically or anticyclonically.  Thus, the cyclonic outdraft and 
the anticyclonic outdraft will tend to be more common than tne "pure" 
outdraft. 

The same is true of the indraft, where the streamlines come together 
from all directions.  They, too, curve cyclonically or anticycIonica1ly 
while approaching the singular point; thus, we have the cyclonic indrait 
and the anticyclonic indraft. 

The experienced analyst will realize that, at lew levels, the out- 
draft is most frequently corahined with anticyclonic flow, while the indraft 
is most frequently combined with cyclonic flow.  At upper levels, however, 
any of the combinations may appear.  Pure cyclonic flow or anticyclonic 
flow may be relatively rare in nature; at least it is seldom observed at 
low levels.  Unfortunately, at upper levels, the data are usually 
too sparse to determine the outdraft or indraft characteristics of the 
vortices.  Therefore, many vortices at upper levels must be dranri as pure 
cyclones or anticyclones for lack of more detailed iiiformation. 

4343. Neutral Points are those points at which two asymptotes, one of 
directional convergence and one of directional divergence, appear to 
intersect.  They are analogous to "cols" in the pressure field in that 
they represent a "saddle" between two areas of anticyclonic flow and two 
areas of cyclonic flow.  Figure 4-10 illustrates the typical streamline 
patterns in the vicinity of neutral points. 

4344. The Transition from a Wave to a Vortex is frequently observed 
in the time continuity between successive streamline charts.  This trans- 
ition takes place during the amplification of the wave, which continues 
until a cusp point is formed in the streamlines near the center of the 
wave.  The cusp point stage may a.ppear on one of the maps in a series 
out has such a short life history that in most cases it develops between 
two successive synoptic maps and is seldom seen.  Following the cusp 
point stage a vortex and a neutral point appear simultaneously as a pair. 
Then, as the vortex continues to grow, the neutral point moves away from 
the vortex center but always remains at the outer limit of the circula- 
tion around the vortex. 

This transition may take place in either the cyclonic (trough) 
or anticyclonic (ridge) portion of the wave but is observed more fre- 
quently in the cyclonic portion.  Figure 4-11 illustrates this transi- 
tion. 

The orientation of a vortex and a neutral point, which have formed 
from a wave in a major zonal current, follows a systematic pattern during 
the early stages of development.  The direction of the neutral point from 
the vortex, relative to the line of motion of the system is determined oy 
the characteristics of the vortex (indraft, outdraft, cyclonic or anti- 
cyclonic), as long as the current in which it is developing is approximate- 
ly uniform in direction and speed, e.g the equatorial easterlies or the 
monsoon current.  The distance between the two is dependent upon the 

71 



4344. 

^ 

^ 

V 
{(7? 

fig.  4-10.     Neutral  points   in the streamlines. 
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intensity  of   the  vortex   a   feature, di ft icuJ t   to  juJye   in   ttie   early   staueti, 
the  proDaole  direction,   fron,  the   vortex,   in  which   the neutral   point   will 
lie,   however,   is  iiiore  easily   oütaineJ. 

Fici.  4-11.     The  transH ion  from a  wave  to a  vortex-ncutra I-ooint 
through  the cusc-rcinf stage. 

3 i r 

Looking Jownstreaiii along the current in-whlch the vortex-neutral poiiit 
pair arc en.beUJed, in the Northern heniisphere, »ve IinJ tnat a ^ure indraft 
ivill luive the neutral point directly ahead of it unl a pure outdraft »ill 
have the neutral point directly oenind it.  AlbO, a pure cyclone »ill have 
the neutral point to the left and a pure anticycl one vn J] have the neutral 
point to the right.  Thus, a cyclonic uulratt will nave the neutral point in 
the left front quadrant aril an anticyclonic outilraft ivilJ have tne neutral 
point in the right rear quadrant (Kig. 'i-i*.).     öf course, in the Southern 
hemisphere the neutral point will oe to the right of a cyclone and to the 
left of an anticyclone.  Again it n.uxt   Dt? en phaMxe J that these relationships 
hold true only as long as both the vortex and the neutral point remain 
eiroedded in a current that can ue treated as approximately uniform. 

435Ü. Isotach Patterns. 

Isotach patterns resc.nole those found in the simple scalar analysis ot 
pressure or temperature, i.e., there are centers ot maxinum an 1 mnin.un 
values and saddles or cols in the field.  The cols, hov.ever, are usually 
poorly defined and difficult to locate accurately. 
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Indroft B Ouldroft 

Cyclone Anticyclone 

E Cyclonic   indroft F       Anticyclonic outdroft 

Cyclonic    outdroft H        Anticyclonic   indraft 

Fig.   4-12.     Orientation of  the  vortex and  its associated neutral  point   in an 
easterly current   in the Northern Hemisphere. 
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The centers  of maximum wind  speed  are  usually  greatly elongated,   and 
the   isotach  spacing  is  usually  much   tighter on either side  ot   these  elongated 
speed  maxima  than  it  is along  the  major axes of the  closed   isotachs   (Pig. 
4-13).     While  little more can  be  said about  identifiable  patterns  in  the 

25'E I 

Fig.  4-13.     Isofach patterns associated with typical streamline patterns over 
a   large oceanic area. 

isotachs, as such, certain typical relationships are believed to exist 
between the patterns in the isotachs and those in the streamlines.  These 
relationships are presented here as an aid to analysis in areas of sparse 
data. 

(1) The major axis of an elongated speed maximum usually 
lies roughly parallel to the streamlines, particular- 
ly in the major zonal wind currents e.g the N.E.trades. 
(See the heavy broken lines in figure 4-13). 

(2) It follows that the isotachs on either side of elong- 
ated speed maximum are also roughly parallel to the 
streamlines. 

(3) There is usually an elongated speed maximum located 
near the center line or core of each streamline 
current. 

75 



4 35 0. 

(4) Maxitiium  *ind  speeds  aru  usually  greater   in  the major stream- 
line   currents,   such as  the   tradewinds  or  westerlies,   than 
in  smaller   detached  currents. 

(5) Within   the  major  currents,   points  of maximum wind speed 
tend   to  occur where curvature   in   the  current  is  slight 
(points   labeled   "MAX"  in Pig.   4-13). 

(6) There may be two or more elongated speed maxima lying side 
by side, roughly parallel to each other, within very broad 
streamline  currents. 

(7) A speed minimum always exists  at  every  singular  point   in 
the   field,   since,   by definition,   the  speed  is always  zero 
at   these   points. 

(8) Speed minima which are not located at singular points will 
have   values   greater  than  zero   at   the   center. 

(9) Speeds  are  generally relatively   light  in areas  of very 
sharp  curvature   in  the  streamlines,   such as at  the  crest 
of   the  cyclonic  or anticyclonic   portion  of  a wave. 

(10) »hen  singular  points are  arranged   in  a  closely  spaced 
chain   the  speed minima associated  with  the  individual 
singular   points  are  usually   connected   by  a   band  of 
relatively   light   winds.     (fig.   4-13) 

(11) Winds   will   often   be   relatively   light  on  a  particular   chart 
in an  area where  a singular  point  exists at the   level  aoove 
or  below,   or   in an area where  a  singular  point  has  just 
disappeared  or  where one  is   In  the   process  of  forming  at 
the   level   being analyzed. 

(12) Speed  minima  tend  to be elongated  along the asymptotes 
which   lie   between diverging  or  converging currents. 

(13) It   has   been   n.atuematically   established   that   the   isotachs 
in   the   immediate  vicinity  of   neutral   points should approx- 
imate   ellipses.     However,   in   this   area  of   light  winds   the 
pattern   in   the   isotachs  is  difficult  to  determine.     Experi- 
ence   has   shown   that,   as  one   departs   farther   from  the 
neutral   point,   the  ellipse   in   the   isotachs   tends   to  assume 
the   form of  a   four-pointed  star  with  the   points  of  the 
star   lying   over   the  asymptotes  which  intersect   in  the 
neutral   point   (Fig.   4-14). 

4360.     Fronts   in   the   Wind  Field. 

The   relationship   of   fronts   to wind   patterns   must   be   considered   here   oecause, 
while   fronts  are   rare   in   the   tropics,   the   polar   front   may,   at   times,   move   into 
very   low   latitudes.      This  occurs  most   frequently   where   the  continents  extend 
trom  middle   latitudes   to  within   a   few  degrees   of   the   equator.     The   "friagems" 
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Fig.   4-14.     Suggested  isofach patterns 
around a neutral  point. 

4360. 

of South  America and   the   "northers" 
of Central   America  exemplify  this 
situation. 

In   the  areas *here  the   front 
still   maintains   its  characteristics 
as  a density  discontinuity. and  a 
line  of  cyclonic  shear  in  the  wind, 
it may  or  may   not  be  treated  as a 
discontinuity   in  the  wind   field 
depending  upon  the  scale  of  the 
map and   the  conventions  used  in   the 
analysis.     The   thickness  or width 
of  fronts   is  said  to vary  from 
three  to  sixty   or more miles. 
1'owever,   by   the  time   a  front enters 
the tropics   it   is   likely  to be 
a  frontal   zone  30 miles  or more   in 
width.     On   the   scale  of most weather 
charts  a   distance  of  thirty nautical 
miles   (!<; degree  of  latitude)   can 

Thus   the   front   can  be  drawn  as  a  narrow  zone  between   two easily  be  measured. 
parallel   lines,   with  the   continuous   pattern  of  the   streamlines  and  isotachs 
clearly   indicated   (Fig.   4-15).     If  however,   the   convention  of  drawing the 
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Fig.  4-15.    Detailed frontal analysis   in the wind  field. 
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I75E 

35 N '5- 35N 

29 N 25N 

I50E 155 160 165 170 I75E 

Fig.   4-16.     ConventionaI   frontal   analysis   in  the  wind  field. 

front  as  a  single   line   is   preserved,   the   streamlines  and   isotachs   may   appear   t< 
creak  at   the   front   (fig,   4-16). 

I690E LZO! !75! 180° iTi0 I700W 

-290N 

-208 

I68SE 170° 179° 180° 179° 

Fig.   4-/7.     A  shear   line   in   the  wind  field. 
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When the polar Iront api'rou.-hi':. the tropics the • ^li uir ma.ss Dehind it 
is moditied uy [jassage over a ivnrri] unilonii surface un.J uy suDsidence aloft 
and eventually the density discontinuity is dissolved, leaving only a belt 
or line of cyclonic shear in the wind (Fig. 4-17).  This shear line may per- 
sist lor several days and often continues to move very slüi.iy eyuatorwa rd, 
much in the manner of a tront.  The low level winds may be much stronger 
on the poleward side of the sheur line than on the equatorward side. 
Therefore, its location is important to analysis and forecasting ol the wind 
speed field. 

^400.  OPEHATIONAL PKOChDUKES. 

In establishing procedures for analyzing the wind tiehi, the tactors to 

be considered are:  the purpose for which the analysis is prepared, the amount 
and type of data available, and the number of man hours required oy the ana- 
lysis.  The process of analyzing the wind field can be conveniently separated 
into the following steps; 

(1) Determining the area to be analyzed. 

(2) Selecting the levels to oe analyzed. 

(3) Plotting the data. 

(4) Analyzing the streamline field. 

(5) Analyzing the speed field. 

(6) Completing the wind chart. 

Analyzing the auxiliary charts can be placed between steps (2) and (J). 
However, it is more convenient to discuss the analysis of these charts along 
with the description of the charts themselves in section 4600. 

4410.  Determining the Area to be Analyzed. 

The availability of data and the use to oe made of the analysis determine 
the area to be covered. Other factors also must oe considered. Middle 
latitude analysis of the subtropical anticyclones and of disturbances which 
may be approaching from higher latitudes cannot oe neglected in any operation- 
al area near the 20th parallel. It is also wise to extend most analyses 10 to 
20 degrees of latitude on either side of the equator because tropical cyclones 
in one hemisphere sometimes affect the weather in the other hemisphere. 

4420.  Selecting the Levels to be Analyzed. 

The levels to be analyzed aie also dependent upon the data and the 
purpose for which the analysis is prepared.  The latter criterion is ignored 
too frequently.  The custom of carrying out upper air analysis only for 
the standard pressure surfaces (350 nib, 700 mo, 500 mb, etc.) has become 
well established, even in weather stations which seldom issue a forecast for 
any of these levels out do issue numerous wind forecasts for flights at 
other levels.  In the tropics it is more practical to work with the levels 
for which the most forecasts are required.  When the analysis is tied into 
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a higher-latitude contour analy ~ is the levels need not, for practical purposes, 
coincide e ~actly. For example, a station which mo~t frequently i8sues forecasts 
for fli ghts at HOOJ feet should analyze the ~000 foot ~ind chart in tropical 
ar eas, and thi s analy~is can often be joined to the 700 ~b contour analysis for 
hi J her l a t i tude s without introducing any great inconsistency. Howeve~ the 
l a titude a t ~h ic h the twq types of analyses join s hould be selected on the 
uas i s of t he s ynopt1 c situation rather than an arbitrarily pre~etermined li~e. 

Even in case s where little direct use will ~e made of a low level chart, 
it is advisable to begin the anKly s is with a chart for the lowest level at 
1\hic h th e ~~oinds are reasonably free from orographic effects. Over the oceans 
any l e vel between 1,000 and 3,000 feet is suitable. Thi~ allows full use to 
L P. mad e of the comparatively numerous low-level data. To establish vertical 
cc ntinuity successive upper level charts can oe laid over the low level ana
lysis. 

Tne se a level pressure field can also be used to nelp complete the low 
l e vel ~~oin1 analy s is. Singular points in the w1nd field are generRlly associated 
~ ith ce nters of high and lo~ pressu r e or cols tnou,h they may not e1actly 
co inc ide. Major as yro1pt otes of convergence are frequently at~sociated with 
tro~ J h ~ in the pressure f i e ld. 

Anotn e r r ea s on for cum~t ncin~ the analysis at low levels is that the wind 
~ a tt e r n s a t lev e l s be low 10,000 feet are most likely to ne as~ociated with the 
distribu t ion of cumuliform cloud s and their resulting weather (see sectio~ 
6300.) and this association can aid the analyst in locating centers or lines 
of conver¥ence in the wind, 

If th e analysis extends to a level about 10,000 fe~t MbOve the actual 
level of interest, the forecaster obtain~ a better picture of upper disturb
ances; these may have an effect on the lower winds, that will be obscure at 
the given level, but which becomes obvious when the upper map is overlaid on 
the 1 i g h t t .a o 1 c . 

4430, Plo tt ing the D~ ta. 

It is advisable to plot the wind direction with an arrow which extends ao 
equal distance on either side of the station c1rcle; there is a natural tendeDCJ 
to draw the streamlines tangential to the arrow at its midpoint rather than at 
one end. Tbe arrow should be plotted with the aid of a protractor because suf
ficient accuracy can seldom be maintained when plotting free band. Both the 
direction and speed of the •iod should also be plotted in figures. This provides 
a check on the plotted wind arrow, facilitates isogoo anal ysis and preserves the 
full accuracy of the coded wind speed. 

Fi ~ ure ~-1 3 illus trat es a plottin~ model which has b~~n found to serve 
t hes e purpo ~e s accurately and easily, A t i me group is inserted in tbose 
ca se s wher e the observations are not taken at tbe synoptic hour already re
pres ented on the map. Por example, it is i~possible to get more thMn one 
obse rvation wh1 ch exactly corresponds to map ti•e from a single aircrMft. 
ho we ve r, obse rvations one to three hours off time are always useful, and 
me th n1s u f using off-time winds in the analysis ar~ described later in this 
se ction. Similar remarks apply to oft-level winds. If the wind shows little 
s he ar with height or is varying in a smooth manner, it is sometimea possible 

80 



4430. 

i 

hh/GG 

d<8f 

r(When opplicoble) 

(18,000 FT) (2100 S) \-   7 
\B/Z\ 

ttez* 
20,000 FT. 
1500 2 

to   use   a  wind  ooserved  at  a   level   just 
oelow  the surface  of analysis.     For 
example,   on  d   10,000  foot  analysis, 
those   pilot   oalloons which  reach  only 
ö, 000  feet often  provide  some   useful 
information.     The  9,000  foot   winds 
should   be  plotted  on  the   10,000   foot 
map,   and   the   fact   that  they  are   off- 
level   should   be clearly  indicated; 
allowance  has  been made   for   this   in 
the   plotting  model. 

Fig    4-18. 

strictly speaking, only winds of 
comparable accuracy should' be plotted 
and analysed on a single map.  For 
example, winds obtained by pilot balloon, 
rawlnsonde, and double drift (oy air- 
craft) can be plotted on tne same map. 
But in the weather station other winds 
are received which, while they are not 
strictly comparable to those mentioned 
above are nevertheless useful checks 
upon the streamline analysis.  The 
commonest winds of this class are those 
received from transient aircraft:  the 
"navigation winds" obtained by the use 

of loran, celestial or radar fixes or dead reckoning.  The volume over which 
the averaging process Is carried out to obtain these winds may be many thousands 
of cubic miles in extent. Consequently, it is an error, even on the scale of 
the maps discussed here, to refer them to a point on the surface of analysis: 
they are essentially winds averaged over a very long track (usually over an 
hour's duration of flight).  If such winds are to oe used to check the stream- 
line analysis, their character as navigation winds should be clearly obvious 
to the analyst.  They may oe plotted at a point, usually half-way between 
the position at the time of the report and that of the previous report, but 
they should oe plotted in a conspicuously different manner from the more ac- 
curate winds. 

A  wind plotting model 
suitable  for use witt 
either  the direct or 
the   isog on method of 
drawing the streaml ines. 

In areas of sparse data the direction of motion ot clouds may be the 
only clue to the direction of the upper wind.  Therefore, the cloud directions 
should be plotted on the wind chart for the level nearest the cloud height. 
Low cloud directions should be plotted on charts for levels uelow 10,000 
feet.  Middle cloud directions are helpful on charts for levels between 10,000 
feet and 25,000 feet.  High cloud directions may be used for levels between 
30,000 feet and 50,000 feet.  Cloud directions should also be plotted in a 
distinctive manner to prevent their oeing mistaken for more accurate data. 
The exact height of clouds is not usually kno^n and the directions are re- 
ported on an eight point scale.  Therefore, they must be carefully evaluated 
by the forecaster and, at best, used only as a rough guide. 
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4430. 4440. 

Surface winds reported from ships and flat low-lying islands are also 
useful on the low-level wind chart.  The winds below 3,000 feet, in the 
tropics, generally vary in direction only slightly with height.  Therefore, 
in the absence of marked orographic e-ffects the surface wind directions may 
be used as a rough guide in analyzing the winds below 3,000 feet.  The 
speeds, reported, however, must be used with very great caution. 

If all off-time data are plotted in pencil or with diluted ink, the 
analyst can later displace these observations to a position, relative to 
the moving synoptic features in the wind field, which will correspond to 
the position of the observer, relative to these same synoptic features, 
at the time the observations were made.  For example, an observation taken 
three hours before map time would be plotted in pencil at its reported 
position and, if the analyst found a cyclone in the vicinity moving west- 
ward at a speed of 15 knots, he would mark a point on the map 45 nautical 
miles to the west of the original position and replot the data In dark 
ink at that point.  Similarly, observations taken after map time would be 
displaced to the east in this situation. 

In figure 4-19 wc see the data from two weather reconnaissance flights 
plotted in the conventional manner.  The cardinal isogons (section 4442.) 
indicate the complexity of the wind pattern represented by the plotted data. 
In figure 4-20 the same data have been replotted, with each observation dis- 
placed to a more representative position relative to the main synoptic system 
in the area.  In figure 4-21 we see a wind analysis drawn for the replotted 
data.  The difficulty of mentally juggling the data to arrive at this analysis 
from the original plot illustrated in figure 4-19 is obvious. 

When analyzing charts at 12 or 24 hour intervals, some forecasters use 
this method of displacing the data to make use of intermediate wind observa- 
tions.  The method is particularly useful when working with numerous in- 
flight wind reports.  However, great care must always be exercised to avoid 
moving the data incorrectly and thus doing more harm than good.  Of course, 
the analyst must determine the displacement of the data himself, since a 
plotter has no means of determining the movement of the synoptic systems. 

4440.  Streamline Analysis. 

While at the present time it appears that the best method of representing 
wind fields is in terms of streamlines and isotachs, there are two methods of 
achieving this analysis during practical work.  In the first method, interpola- 
tions among the winds are carried out by eye, the accuracy attained depending 
upon the skill of the analyst in drawing the streamlines directly;  this 
method we shall call the direct method.  The other method makes use of an 
intermediate set of lines called the isogons.  An isogon is defined as a line 
joining points in the plans which have the same wind direction.  In this pro- 
cedure the Isogons are first drawn to the observations, the interpolation 
being carried out continuously as in scalar analysis.  Then small lines are 
ruled on each Isogon, corresponding to the wind direction which it represents. 
Thus a large number of wind arrows, in addition to those already plotted, 
appear on the map, and the interpolation is carried out with far greater ac- 
curacy than could be obtained by the most skillful practitioner using the 
direct method.  The streamlines are then drawn both to the original observed 
wind directions and to the interpolated ones based on the isogons, the end 
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result being, as before, a set of streamlines everywhere tangential to the wind 
arrows.  The analysis of the isotach or speed field is the same in both the 
Jirect and the isogon procedures. 

The isogon method, though accurate, is rather tedious and takes a long time. 
For this reason it is not generally fitted for routine use in weather stations, 
where time to be devoted to analysis is always limited .  Its chief function is 
to serve as a tool of research, in investigations leading to the development of 
pew synoptic models.  Streamline analysis conducted in the weather station will 
probably be by the direct method.  As this throws a considerable burden upon 
the experience of the analyst, and since natural skill also counts heavily, be- 
ginners in streamline analysis will be well adviseu to practice first the 
isogon method.  It gives an intimate acquaintance with methods of interpola- 
tion for wind direction.  Only later should they undertake direct analysis in 
t.ic weather station. 

4441.  The Direct Method.  Streamlines are defined as lines which are every- 
where tangential to the wind vectors.  Thus to find the wind direction at any 
point along a streamline, one draws a short tangent to it at that point.  The 
chief error made during the streamline analysis by the direct method is to de- 
part from this condition of tangency.  After many years of isobaric analysis, 
the forerast'ar instinctively acquires the habit of neglecting small departures 
of the wind irom its gradient value.  Since it is impossible to draw an isobaric 

Fig.  4-2<t.    A prel iminary sketch of the sfreaml ines and  isofachs. 

r,ap on which the gradient wind relationship holds for every part of the surface 
analyzed, he learns to allow the isobars to cross the wind arrows at some small 
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gle.  The analyst must break himself of this habit If he Is to use the direct 
.-thod of streamline analysis with any skill.  In drawing a single streamline, 
he must, In his mind's eye, interpolate a host of imaginary wind vectors, be- 
tween the observations of his network.  Then be must draw lines which are 
tangential both to the observed winds and to the^e imaginary Interpolated wind 
arrows.  Obviously this is a difficult process to perform.  The beginner should 
first examine the part of the map where the observations are densest and try 
to pick out one streamline that is almost straight or only slightly curved. 
In figure 4-22, for example, he could begin by sketching lightly in pencil a 
streamline that passes near the stations A, B, C, 0, and E.     Next he should 
observe whether the winds adjacent to this initial line are spreading apart, 
coming together, or are parallel to each other, and sketch his lines accord- 
ingly.  Sketching of the streamlines should then continue until the pattern 
is completed (Pig. 4-23).  The signal that the interpolation is complete and 

Fig. 4-23.     The completed sfreamline analysis. 

correct comes when the analyst recognizes that every wind arrow plotted is 
strictly tangential to the streamlines, that no streamline turns too 
abruptly, and that there is a general smoothness and elegance to the pattern, 
difficult to define but easy to recognize. 

The typical streamline patterns and their relation to the speed patterns 
(discussed in section 4350) must be kept in mind at all times.  Sketching 
a few rough isotachs as an aid in visualizing the speed field is helpful 
during this phase of the analysis.  Of course, continuity from the previous 
analysis and from a level below the one being analyzed is one of the analysts 
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primary aids.  Also, tbe use of certain auxiliary charts is another aid to wind 
analysis, as discussed in section 4600. 

Experience shows that very great complexity of wind pattern, though physically 
possible, very rarely occurs in the atmosphere and then only near the surface 
over rough ground.  In any graphical field analysis the uumber of lines of repre- 
sentation which can be drawn is, in theory, infinite.  However, in scalar analysis 
it is customary only to draw lines for multiples of some standard value of the 
scalar magnitude.  Thus, in pressure analysis, it is customary to draw Isobars 
in 2 milibar or 3 milioar intervals.  This automatically determines the spacing 
of the lines in the pattern of the analysis.  In streamline analysis, on the 
contrary, the streamlines do not represent any particular magnitude; their sole 
property is that the wind vectors are tangential to them.  Therefore, the number 
of streamlines used in a representation is quite arbitrary and Is a matter of 
analytic convenience.  Sufficient streamlines should be drawn to give an adequate 
representation ..nd to enable the wind direction to be read easily at any point. 

In passing, it should be mentioned that the commonest difficulty encount- 
ered by the beginner is occasioned by the tendency to distort the streamlines 
to make them pass through the stations where data are plotted.  This tendency 
often leads to departure from the condition of tangency. 

4442.  The Isogon Method.  In using isogons, advantage is taken of the 
experience which most forecasters have in interpolating among a set of plotted 
observations in the form of numbers.  Tropical wind fields rarely show any- 
thing that approximates to a discontinuity of wind, such as a front, therefore, 
if we have a set of observations of wind direction, say for the value 100 degrees, 
separated by a relatively nai;-ow Apace from another set of observations where 
tbe wind directions are of tbe value of 120 degrees, we are Justified on the 
principle of continuity in supposing that In the Intervening space, the winds 
have values intermediate between 100 and 120 degrees.  We can draw a line through 
the first set of observations and label it 100 degrees.  A similar line labeled 
120 degrees may be drawn through the s.econd set of observations; we are then 
Justified in interpolating, between the 100 degree isogon and the 120 degree 
Isogon, an Isopleth which will be labeled 110 degrees.  We use the same principle 
in isobarlc analysis. 

Isogon analysis, however, is not as simple AS ordinary scalar analysis, 
such as the temperature or pressure fields.  Concsponding to tbe singular 
points.of the streamline field, the isogons themselves will end in points 
where the wind direction is indeterminate.  In addition, of course, they can 
be closed curves (Pig. 4-24). 

The idealized isogon patterns associated with certain typical streamline 
patterns are illustrated in figure 4-25.  Notice that the closed isogons 
associated with the wave increase in number as the wave increases in amplitude. 
The isogons become tangential to each other at the cusp point and appear to 
intersect in tbe vortex and in the neutral point.  Upon closer examination 
it will oe seen that each isogon which intersects another actually represents 
opposite directions on either side of the intersection.  However, it Is con- 
venient to draw the isogons for opposite directions as continuous lines when 
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Fig.  4-25.     Isogon patterns 
associated with conrnon streamline patterns. 
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Fig.  4-26.     A preliminary sketch of the cardinal   isogons. 

they cone together In a singular point.  The analysis in the vicinity of singular 
points can be accomplished most easily by first sketching the Isogons for the 
cardinal directions to determine the basic outline of the Isogon patterns (Pig. 4-26). 

It remains to discuss the mechanics 
of passing from a completed isogon analysis 
to the final streamline analysis.  Each 
Isogon should be labeled with its value 
in tens of degrees from 1 to 36.  It is 
not necessary in all parts of the map to 
draw every isogon from 1 to 36.  For most 
purposes isopleth intervals of 30 degrees 
will be sufficient, starting with 3 and 
continuing to 6, 9, 12, etc-  However, 
in broad regions where the wind as indi- 
cated by the observations shows little 
change in direction, it is sometimes an 
advantage to draw some addition; I iso- 
gons to assist in the final analysis. 

The next step in the analysis consists 
of taking parallel rulers and a protractor, 
orienting the ruler with respect to the 
grid on Marcator's projection and ruling, 
along each isogon, short line elements 

12    09 

Fig.  4-27.     Drawing  the   line elements 
with parallel  rulers. 
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(not more than i4 inch in length), corresponaiug to the innlcatea value of 
the isogon.  The process is illustrf..tecl in figure 4-27.  Along isogun 6 the 
rulers, previously oriented to the direction 60 degrees, are moved in step- 
wise fashion and the line elements are ruled at convenient intervals.  In- 
tervals between rulings can be easily judged after a little experience; it 
should be remembered that the aim is to cover the map, fairly uniformly and 
without excessive overlapping, with small direction lines (arrows without 
heads). 

fig.  4-2R.     Drawing the   line elements with an  isogon board 

Another method of ruling the isogon line elements is to place the chart 
over a corrugated glass panel oriented in s,uch a way that rubbing over a 
given isogon with a crayon will produce line segments on the map which are 
oriented in the direction represented by the isogon being traced.  The map 
is then reoriented for another isogon and the process repeated until line 
elements for all of the isoguns have been ruled on the map.  The corrugated 
glass panel may be mounted in a frame and the directions represented by the 
isogons marked on the frame to help orient the map for ruling each isogon 
(Fig. 4-28). 

When the map is covered in this fashion with line elements, it becomes 
a simple matter to draw the streamlines (Pig. 4-29).  Again, the analyst 
must rigidly adhere to the principle of drawing the streamline tangential 
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Fig.  4-29.     SfreamlInes drawn with the aid of the  isogon  line elements. 

to  the line elements.  Great assistance in keeping to this requirement is given 
by certain auxiliary lines, very easily sketched a£ter the rulings have been 
completed but betui^ ihe   final streamlines are drawn.  These auxiliary lines 
are of two kinds -- the inflection lines, which do not appear in the final 
analysis, and straight line asymptotes, which do. 

Consider the streamline 
curvature: on the left it ha 
Hemisphere); on the right, ne 
Hemisphere), Necessarily, in 
side to the ather, we must pa 
This point is the inflection 
lines, each with a point of 1 
points. Such a line would be 
which aids the analysis is to 
streamlines. Obviously in sk 
crossing the inflection line, 
knows that the curvature will 
the opposite sign on the othe 
for the statement, we may sta 
points where the line element 
is Illustrated in figure 4-31 
two points at which the ruled 
appearance of a closed Isogon 

shown on Figure 4-30.  It shows two kinds of 
s positive curvature (cyclonic In the Northern 
gatlve curvature (antlcyclonlc in the Northern 
passing downwind along the streamline from one 

ss through a point where the curvature Is zero, 
point.  If we have several neighboring stream- 
nflectlon, we could draw a line Joining these 
called the inflection line.  The inverse process 
obtain the inflection line before drawing the 

etching a streamline, if we know when we are 
the process is greatly simplified.  The analyst 
be of one sign on one side of the line and of 

r.  Without entering into the theoretical reasons 
te that the inflection line will pass through 
is tangent to its own Isogon.  A simple example 
Notice that every closed Isogon has at least 

line element is tangent to its own Isogon.  The 
, therefore, Is a sign to the'analyst that a line 
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Fig.   4-30. 

ANTICYCUONIC 

An  inflect ion point on 
a streaml ine. 

4442. - 4450. 

of inflection exists in the vicinity and 
it is often a great advantage to start 
by sketching the inflection line in such 
a region. 

The second type of line which is 
easily recognized in the isogon field, 
immediately after the line elements have 
been ruled, is the straight line asymp- 
totes, usually found in the vicinity of 
a singular point.  For any segment of a 

streamline to approximate a straight line, thus having the same direction at 
successive points, it must lie along a straight isogon.  When this streamline 
is also an asymptote the streamlines on either side must cut across the isogons 
in opposite directions.  Consider the four isogons 8, 9, 10, and 11 in figure 
4-32.  The winds are obviously easterly in general direction, so that small 
arrow heads may be imagined attached to the left hand end of sach element. 

Looking downstream, the line elements 
cross the isogons 8 and 9 from right 
to left, whereas on 10 and 11 they 
cross from left to right.  If the 
winds are varying continuously, then, 
an intermediate isogon lies between 
J and 10, along which the isogon and 
line elements have the same direction. 
This line may be sketched in lightly 
by trial and error.  It will represent 
a definite streamline and hence will 
appear in the final analysis.  On 
the left of this line the streamlines 
will run across the isogons from the 
left; similarly, on the right they will 
converge toward it from the right.  It 
is therefore an asymptote of convergence 
and the method outlined will enable 
it to be located with great accuracy. 
Before drawing the streamlines and 
after having put in the inflection lines, 
the analyst should always look over 
the field of ruled isogons in order to 
find these easily detected asymptotes. 
However, he must not expect to find 
them on every map.  As already stated, 
they are most apt to occur in those 

parts of the analysis where singular points have already been found. 

Even when a complete isogon analysis is not practical, forecasters will find 
it helpful to use the Isogons over limited areas where the streamline patterns 
are complex.  The continuity in the isogons is sometimes easier to follow than 
that in the streamlines themselves. 

Fig.  4-31. 

INFLECTION   LINE 

An  inflection   line connect- 
ing the   inflection points 
on neighboring streamlines. 

4450.  Isotach Analysis. 

The direct method and the isogon method of streamline analysis differ 
essentially only in the manner in which the interpolation for wind direction is 
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Fig,   4-32.     Locafinq a  straight   line 
asymptote. 

cols on a pressure analy 
streamline patterns anJ 
plied Juring this phase 
isutacti patterns on the 

customary to drnw isotac 
analysis is c.irriol out 
jet strea.r,, these interv 
intervals should then be 

over the streamlines or 
imposed over the strearl 

transparent sheet to the 
step in the isotach anal 

points in the streamline 
where the wind reaches a 

expects to find a close 1 
the case when t^o singul 
borne minin.a of '.he speed 

at the singular points, 
map, and this tact must 

carried out.  The remainder of the ana- 
lysis, that is, the delineation of the 
speed field, is the same in both the 
direct and isogon methods.  It is under- 
stood, of course, that the analyst has 
not neglected wind speeds during the 
drawing of the streamlines.  The final 
speed analysis, however, which is now 
to oe undertaken, consists in the draw- 
ing of a completely new set of lines. 
These litter from the streamlines in 
that they are numbered curves not term- 

inating in singularities, that is, they 
i'.re  entirely sir.ilar to the curves 

drawn in a scalar analysis such as 
that of the pressure field.  The ana- 
lyst who is already familiar with 
scalar work should have very little 
difficulty with interpolation and with 
drawing the lines.  Ke will expect to 
find col points and areas of maxiirun, 
and minimun. values of the speed just 
as lie expects to find highs, lows, and 

sis.  his knowledge of the relationships between the 
the isotach patterns (see section 4350) must oe ap- 
ot the analysis, and, of course, continuity from the 
preceeding map is one of his primary tools.  It is 
hs at 5 knot intervals in the tropics.  If isotach 
in high latitudes, say in the neighborhood of the 
als will probnoly ce too close; 10 kn^t or 20 knot 
used. i'ho isutachs should either be drawn directly 

c in oe first s^etcned on a transparent sheet, super- 
irif analysis.  Then the final transfer from the 
base nap can ue ruule on the light table. The first 

ysis is to exanine the position of all singular 
field.  As previously pointed out, these are places 

n absolute nininuni, i.e., zero.  Consequently, one 
b  knot isotach surrounding a singular point or, in 

ar noints are close together, enclosing both of them. 
field, then, are easily found;  they are tne minima 
But minima in speed may occur in other parts of the 

not oe forgotten as the isotachs are being drawn- 

The second step in the isotach analysis is to locate the elongated speed 
maxima in the major currents, such as the trade winds, and draw the isotachs 
outlining them.  Then the smaller features should be outlined and the remain- 
ing isotachs drawn to complete the field.  Since errors and fluctuations in 
wind speed occur with greater frequency than in wind direction, a certain 

amount of sacothlr.K is permissible.  The aio should be to present a simple 
speed regime whenever possible.  Figure 4-^3 illustrates a cotrpletec! strenr- 

line and i.-ot'.c  an, 1 y.-. i.*. 
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Fig.   4-33.     A  complete stream I ine-i sofach  analysis. 

4460.  Completing the Wind Chart. 

When both the streamlines and the isotachs have been completely sketched, 

preferably on transparent overlays, the analysis is essentially complete.  How- 
ever, the graphic representation of the analysis requires additional steps, 
such as tracing the streamlines and isotachs in distinctive colors, drawing suf- 

ficient arrow heads on the streamlines to indicate clearly the direction of 
flow, labeling the vortices and centers of maximum and minimum speed, and any 
other artistic refinements dictated by the particular uses to oe made of the 

chart. 

4500.  THKE£-DI.VIbNSIONAL STHfeAMLINb MODELS. 

The forecaster who has studied the preceding sections has become tamiliar 
with the various wind How patterns within a horizontal plane or surface.  He 
cannot hope to make a true analysis of the synoptic wind field, however, with- 
out a thorough understanding of the three-dimensional structure of the typical 

wind patterns, the asymptotes, waves and singular points. 

4510.  Asymptotes. 

Asymptotes which appear in the streamlines have three-dimensional structures 
which may be thought of as vertical or sloping .surfaces or narrow zones, in some 

ways analogous to the fronts of high latitudes, lying between converging or di- 
verging currents having vertical depth (Fig. 4-34).  We are primarily interested 
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Fig.   4-34. Three dimensional   structure 
of an asymptote   in  the 
streaml ines. 

1610. 
in the negative asymptotes lying 
between converging currents since, 
in the lower levels, they are most 
frequently associated with bad. 
weather.  (See section 6000) 

Significant negoLive asymptotes 
are most frequently found in the con- 

vergent flow around well developed 
cyclonic indrafts and in the oroad 
zone of convergence between the 
tradewind currents of the two hemi- 

spheres . 

The slope of asymptotes varies 
from vertical to quasi-horizontal. 
However, those asymptotes whose 
slopes approach the horizontal 
appear only in the vertical compo- 
nent of the wind and are not seen 
in the horizontal streamlines.  The 
slope may also vary from point to 
point along a given asymptote and, 
in a particular segment, may vary 

with height, even to the extent of being reversed from one level to the next. 
For example, an east-west asymptote may slope toward the north in the lower 
levels, become vertical at some intermediate level, such as 10,000 feet, 
and slope back toward the south above that level.  Very little work has 
been done toward evaluating the slope of asymptotes.  However. Watts (1949) 
in writing about the primary asymptotes of the Malayan-tast Indies area states: 

The equatorial equivalents of the Intertropical Front 
are the Northern Equatorial Convergence Line and the South- 
r   Equatorial Convergence line.  The Northern Line is 

th of latitude 10° North from *iay to October to consti- 
ce the Intertropical Front of the Northern Hemisphere. 

. e Southern Line passes soutn of latitude 10° South at 
times during February and March to become the Intertropical 
Kront of the Southern Hemisphere, and during April and May 
the two lines frequently coincide in the equatorial area 
east of longitude 106° East.  When and where the lines are 
not coincident, they are normally separated by a Westerly 
Equatorial or Southwesterly Monsoon current. 

The mean slope, from ground to 10,000 feet, of the 
convergence surface through the Northern Equatorial Line 
is 1 in 70, and is always steep. 

The mean slope, from ground to 10,000 feet, of the 
convergence surface associated with the Southern Equatorial 
Convergence Line is 1 in 210.  Individual cases constitute 
a great range on either side of the vertical, but slope is 
generally upwards to the southeast with Equatorial Wester- 
lies overlying the Southwest Pacific southeasterlies. 
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The slope of either convergence surface, in the layer 
ground to 10,000 feet, is usually increased in movements of 
the surface line analogous to cold front movements and re- 
duced by those analogous to warm front movements; but these 
changes are not discernible in the layer ground to 5,000 
feet. 

The slope of the convergence surfaces through both the 
Equatorial Convergence Lines changes with some regularity. 

The period of these changes is about one week or slight- 
ly more, and the changes are believed to be dependent on the 
positions of the migratory anticyclones of the Southern Hemi- 
sphere. 

Owing to the frequency and magnitude of changes of slope, 
it is unlikely that practical use could be made of any con- 
ceivable adaptation for low latitudes of Margules Formula. 
In support of this it may be noted that, although slope is 
no doubt dependent on the relative densities of the two 
masses and on wind-components normal to the separation-line, 
the convergence lines at various altitudes are not always 
coplaner. 

Thus, an equation for slope could not be of instant- 
aneous application to the entire separating boundary. 

Both cumuliform and altostratus clouds are representa- 
tive of the Equatorial Convergence Lines; the altostratus 
is a product of the spreading of cumulus and cumulonimbus 
tops, and does not result from general ascent of the sloping 
surface In the fashion of a temperate-zone warm front. 

In this paper Watts also states, with reference to the convergence surface 
associated with the Southern Conver;,ence Line: 

It is found that there is a tendency for the slope to 
be adjusted to the variation with altitude in the resultant 
wind normal to the convergence line.  That is to say, the 
slope is altered gradually, following the sense of the dif- 
ference at each level between the component normal to the 
convergence line in the southeasterlles, and in the wester- 
lies.  Therefore if at upper levels the wind-component 
normal to the convergence line is greater in the southeast- 
erlies than in the westerlies, the slope tends to the 
vertical or to overturn to the northwest.  But the exact re- 
lation is obscure, because the magnitudes of velocity are 
difficult to determine, and the differences of the normal 
components are frequently as small as their probable errors. 

While it is true that the ideas quoted above have been applied to only one 
small area, and are not time proven, they may suggest a practical approach to 
the problems of analysis and forecasting associated with the major asymptotes 
of other areas in the tropics. 
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4520.     Waves. 

Waves which appear in the streamlines have a three-diBensional strpfrture 
which should be examined by the analyst. For instance, a wave appearing in 
the streamlines of the surface or 2,000 foot winds nay be damped with height, 
extending vertically ou^y a few thousand feet before disappearing, or its 
amplitude may increase with height (Pig. 4-35).  Those which increase in amp- 
litude with height are usually associated with upper level cyclones or upper 

Fig.  4-35.     Three dimensional structure of waves   in the streamlines.  They 
may increase  in amplitude with height,   left,  or decrease  in 
amplitude,   right. 

level troughs in the westerlies.  Distinguishing between the two types of 
waves is essential since their behavior may be entlrelT difterent. 

Those waves which are damped with height generally move at a uqiforn 
speed in the direction of the current in which they are embedded.  The 
easterly waves of the Caribbean, Western Pacific .and Eastern Atlantic are 
examples of this type of «teve. 

Waves, which are associated with an upper-level vortex or trough, 
generally move with the upper-level feature, which may be in a direction 
opposite to thaf of the low-level current.  The situation Is further com- 
plicated when a weak wave In the easterlies moves undfer an upper-level 
disturbance.  In this case the wave will usually incfeaqe in amplitude as 
it approaches the position of the upper level vortex, or trough. Thereafter, 
the wave may remain with the upper level feature, or it may continue its 
westward movement independently; in which case a new wave nay appear bfneatb 
the upper level disturbance. 

The axis of a wave may be vertical or may slope either forward (in the 
direction of movement) or backward, with height. A thorough examination of 
the wind 'time-sections* (see section 4610), for stations over which the 
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wave has Boved will belp determine the slope of its axis.  Tbis is important 
because the slope of the axis is believed to be associated with the weather 
accompanying the wave. 

4530.  Singular Points. 

Singular points appearing in the horizontal streamlines actually represent 
the Intersection of a vertical line singularity with the plane of the stream- 
line analysis.  That is to say, the vertical axis of a three-dimensional vortex 
or neutral point is a line wbich Joins the center or axis of the singular point 
as It appears in the streamlines at successive levels. 

In discussing the three-dimensional 
model the vortex neutral point pair will 
be treated as a single unit.  In the 
transition from a wave to a vortex in 
the horizontal streamline patterns we 
saw first the cusp point and then the 
vortex-neutral-point pair appear.  Exam- 
ining this transition in the vertical, 
we see the cusp point appear near the 
surface then move upward as the vortex- 
neutral-point pair emerges.  The cusp 
point itself has no significant vertical 
depth and nay be seen at one level only, 
at a given time.  However, the verti- 
cal axes of the vortex and the neutral 
point always remain Joined in a cusp 
point at.some upper level, and above 
that level the wave appears in the stream- 
lines for at least a short distance verti- 
cally (Pig. 4-36). 

Fig.  4-36.     Three dimensional structure 
of a vortex-neutral-point 
pair at low levels. 

A three-dimensional model of a vortex- 
neutral-point pair which exists entirely 
at upper levels has the same form at 
both Its upper and lower extremities. 

That is to say, the vertical axes of the vortex and the neutral point are Joined 
In a cusp point at both the upper and lower limits of the model.  The point at 
which the vertical axes are farthest separated represents the level at which the 
circulation around the vortex has Its largest radius (Pig. 4-37). 

Of course, either the upper or lower portions of the model may be destroyed 
by intersection with a strong shear layer, and the lower portion of an upper 
level model may be destroyed when it extends downward to intersect the surface 
of the earth (Fig. 4-38). 

The cyclonic Indrafts, which frequently form in the tradewind currents 
and sometimes develop into intense tropical cyclones, are typical of the low 
level type of vortex-neutral-point model.  They generally move westward at an 
average speed of 10 to IS knots while still embedded in the trade wind current. 

The so called "Kona Storms," of the Hawaiian Islands area are associated 
with the upper level vortex-neutral-point model.  Little Is known about the 
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■oveaent of these disturbances. Hovever. tbej often reaaln alaost stationary 
for a week or sore. 

Fig. 4-37.    Three-dimensional structure 
of a vortex-neutral-point 
pair at upper levels. 

Fig.  4-38.     Three-dimensional structure 
of a vortex-neutral-point 
pair which intersect a shear 
layer, upper plane,  and the 
earth,   lower plane. 

The axis of either the lower level or the upper level type of cyclonic vortex 
■ay slope in any direction, bat the tilt fro« the vertical is usually slight. 
The axes of the large subtropical anticyclones, however, decidedly differ fron 
the vertical, usually sloping upward to the west and toward the equator.  It 
is not unusual for the axes of the anticyclones to be displaced equatorward as 
■uch as 15 degrees of latitude in the lower 20,000 feet. 

4600.  PRACTICAL AIDS TO ANALlfSIS. 

The aeteorologist atteapting routine analysis in the tropics for the first 
tiae is likely to be disaayed or even disheartened by one feature in which the 
observing networks differ froa those of higher latitudes, that is, the great 
distances between observing stations.  Even the stations which report only 
surface conditions are, generally speaking, auch farther apart than they are 
in high latitudes: the density of ship reports, likewise, Is lower over the 
tropics than over the teaperate zones of the ocean.  But the aost serious lack 
of inforaation becoaes evident when any type of upper air analysis is attempted. 
Rawlnsondes, on the average in the tropics, are one thousand alles apart.  In 
certain regions, »any thousands of square alles in extent, they are entirely 
lacking, the only upper-air soundings being in the fora of pilot balloon ob- 
servations.  In these regions the forecaster aust depend upon in-flight weather 
reports froa transient aircraft for a large part of his upper air data. 

Dnder the circuastances, the forecaster has to extract froa the few upper 
air observations coaing into his station the naxiaua aaount of information. 
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In some areas he nas to conduct *hat amounts to single station analysis and 
fort' isting.  Since wind analysis, for the reasons already outlined, takes 
precedence at tropical stations over contour or pressure analysis, he requires 
facilities for studying as efficiently as possible the time changes in the 
upper winds at each of the observing stations and along each of the routes 
within the area of his greatest interest.  Certain auxiliary charts assist 
the study and forecasting of upper winds very greatly; in certain cases, 
carefully analyzed auxiliary charts can actually eliminate the need for many 
of the synoptic charts normally analyzed each day. 

4610.  The Time-Section. 

The time-section is simply a form for recording the upper wind observa- 
tions and surface synoptic observations as they come into the weather station. 
An example is shown in figure 4-39.  The form is arranged in such a way as to 
display, at a glance, the upper winds and three-hourly surface observations, 
from a given station, for a period of three days.  The vertical rows of dots 
on the form represent the axes of the upper wind soundings.  At eacn side 
of the form the various levels from the surface to 55,000 feet are indicated, 
the surface winds ueing recorded in the lowest horizontal row.  A'separate 
time-section is maintained for each station in the area of interest.  As each 
wind report for a station under analysis is received, the directions (isogon 
values) are plotted on the left hand side of the vertical axis, the speeds 
on the right. 

The data from surface synoptic observations are entered in the spaces 
provided on the lower part of the form.  Plotting the data in vertical columns 
provides a convenient means of observing the changes, with time, in each indi- 
vidual element.  The method of plotting may be adapted to local needs and, 
of course, the form may be varied to occommodate the elements reported in the 
various WMO Regions.  Blank spaces are provided for recording other pertinent 
data, such as the 24'<hour pressure change, which the forecaster may wish to 
examine.  When scheduled observations are not received the appropriate spaces 
should be left blank. 

The time-section is used primarily as a means of 
in the plotted elements, during the time Intervals be 
and in the space Interval between the levels of analy 
the fast-moving, well-defined, synoptic systems of hi 
become the custom to plot and analyze synoptic charts 
intervals. By comparison, synoptic systems in the tr 
poorly defined, change slowly with time and move slow 
little need to analyze synoptic charts at trequent in 
day, provided the data are compiled on a form f'oni wh 
lated easily by the forecaster. When the forecaster' 
to interpret the changes occurring in the data on his 
be able to work efficiently with only one set of syno 
course there may be times, during oomplex synoptic si 
mediate charts wllr be required. 

examining the continuity 
tween synoptic charts 
sis.  When dealing with 
gh latitudes, it has 
at very short time 

opics are generally 
ly.  Therefore, there is 
tervals during the 
ich they can be assimi- 
has learned properly 
time-section, he should 
ptic maps daily.  Of 
tuations, when inter- 

Merely having the data presented on the time-section form is a great 
aid to the forecaster.  There are also several forms of wind analysis which 
may be performed on the time-section.  These analytic procedures enable 
the forecaster to identify systematic patterns in the changing winds at 
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Fig.  4-39.    Example of a time-section form. 
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each station and provide a means of recording the patterns. 

The type of analysis to be performed, and even the necessity of doing 
an analysis at all. will vary between individual stations and with seasonal 
or synoptic changes at any given station.  The selection of stations for 
which the time-section should be maintained is a problem that varies for 
each forecast center.  Naturally time-sections should be maintained for the 
home station and all upper wind stations within the area for which forecasts 
are issued.  It should be remembered, however, that a correct analysis in a 
given area sometimes depends upon the study of time changes at stations quite 
remote from the immediate forecast area.  It must be emphasized that the time- ' 
sections can be used only in conjunction with the synoptic maps and, therefore, 
cannot replace them entirely. 

4611.  Analyzing the Wind Directions.  Isogons may be drawn on the time- 
section in the same manner as they are drawn on the horizontal wind charts. 
The dots of the time-section replace the station circles on the map.  The 
isogon patterns on the time-sections are also similar to those on the synoptic 
wind maps, i.e., there are closed curves and singular points in the field. 
Identifying these features on the time-section and observing their association 
with the changing synoptic wind patterns enables the forecaster to obtain a 
more complete understanding of the three-dimensional structure of the wind 
field than be could get from the synoptic maps alone. 

The Isogons of primary interest are the 36 and 18 lines, representing 
the boundary between easterly and westerly winds.  At many tropical stations 
the boundary between low-level trades and upper-level westerlies lies quasi- 
horizontally across the time-section chart most of the time.  This boundary 
actually represents the intersection of the major anti-cyclonic ridge line 
with the 'lane of the time-section.  It changes height from day to day and 
frequent!, shows a sharp downward dip during the passage of an upper-level 
trough in the westerlies.  The depth of the easterlies is a significant 
feature of the synoptic situation and may be associated with the cloud and 
weather distribution (section 6000. ).  The shear layer between the easterly 
and westerly currents is characterized by light variable winds.  The thick- 
ness and height of this layer may be easily determined on the time-section. 
When the shear layer above an area is quasi-horizontal and occurs at a level 
corresponding to that of a horizontal wind chart, the forecaster may wish to 
outline the area and label it as an area of light, variable winds.  His map 
analysis within this area is likely to be complex and unrepresentative. 
Therefore, he should examine his time-sections to select suitable higher 
or lower levels for analysis. 

The 09 and 27 isogons are also useful, in conjunction with the 36 and 
18, as a means of locating singular point  in the wind field.  As in hori- 
zontal wind analysis, the time-section isogons intersect in the singular 
points and the wind speed is zero at the intersection (Pig. 4-40).  The 
singular points which appear on the time-section represent the intersection 
of the sloping vertical axes of moving singularities in the horizontal 
wind field with the plane of the time-section.  Whenever possible each 
singular point on the time-section should be Identified with the correspond- 
ing singular points on the streamline charts.  This process enables the 
forecaster to visualize the vertical continuity in his wind charts more 
easily. At times, the vertical axis of a singularity in the wind field may 
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Fig.  4-40.     Isogon analysis on a time-section,   illustrating a shear layer 
and singular points. 
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have such a great slope that it approaches the horizontal.  This is especially 
true of some neutral points.  When such is the case, it becomes difficult to 
identify the singular points on the time-section with the corresponding singular 
points on the synoptic maps. 

When a complete isogon analysis is used on the synoptic wind maps, a similar 
analysis on the time-section enables the forecaster to observe which isogons 
have moved past each station, at each level, during the time interval between 
maps.  However, when used in conjunction with the direct method of streamline 
analysis, the time-section isogon analysis need consist of only the 36 and 18 
lines, plus short segments of the 09 and 27 isogons where they intersect the 
36 and 18.  This sketchy analysis is sufficient to Indicate the separation be- 
tween the major easterly and westerly wind currents and to fix the location of 
the singular points. 

4612.  Analyzing the Turning of the Wind.  At any given station, turning 
of the wind with time is frequently associated with the passage of waves in 
the wind currents.  Assuming that the waves are moving past a station in the 
direction of flow, veering (clockwise turning) of the wind, in the Northern 
Hemisphere, is associated with the passage of the cyclonic part of the waves 
anl backing (counterclockwise turning) with the passage of the p.nticyclonic 
part of the wave.  The opposite relationship exists in the Southern Hemisphere. 
Most perturbations in the wind currents move in the required manner.  However 
in certain cases, such as a wave induced in an easterly current by a trough 
in overlying westerly flow, the movement may be opposite to the direction of 
flow in the easterlies.  In such cases veering becomes associated with the 
anticyclonic part and backing with the cyclonic part of the wave.  Changes in 
the amplitude or length of a wave can also cause veering or backing of the 
wind at surrounding stations, and the winds at a station may shift rapidly with 
the passage of a well'marked asymptote.  Therefore, the turning of the wind 
must always be carefully interpreted iu  terms of the horizontal wind chart. 

One convenient method of analyzing the turning of the winds on the time- 
section is to use colors to indicate the (.mount of veering or backing which 
has taken place in each twelve hour perioc.  As each new wind sounding is 
plotted the amount of veering or backing, irom the observation preceding it 
by twelve hours, is indicated by drawing a colored line between the plotted 
winds at each level.  Red and orange may be used for veering of less than 45 
degrees and more than 45 degrees respectively and blue and green for backing 
of less than and more than 45 degrees respectively.  When observations are 
received at six hour intervals, the twelve hour periods for which the turning 
is evaluated will overlap on the time-section and the colored lines used to 
indicate the turning must be placed under each intermediate observation. 

As the turning of the wind changes from veering to backing and back to 
veering the colors vary across the time-section.  Inflection lines may be 
drawn between the areas representing either type of turning.  By noting the 
time which an Inflection line passes a station, at a given level, and esti- 
mating the rate of movement of the corresponding inflection line in the 
streamlines for that level, the forecaster can determine the position of the 
inflection line relative to the station on his streamline chart. 

Lines corresponding to the wave axes, or trough and ridge lines, may also 
be drawn on the time-section.  These will be drawn through the points of maximum 
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Fig.  4-41.     Tine-sect ions,  showing the passage of waves  in the easterlies 
Uajuro, above,  and Kwajalein, below.    — —— axis of »aximum 
veering. ——■• axis of maximum backing. inflection 
lines.    isogons   for cardinal directions,  -{-indicates 
turning associated with cyclonically curved streamlines. — 
indicates turning associated with anticyclonically curved 
stream Iines. 

at 
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turning at each level and will naturally fall between the inflection lines. 
When the rate of turning is relatively constant during any period of veering 
or backing, the wave axis lines are drawn through the center of the area be- 
tween the inflection lines ou either side.  The lines representing the axes 
of maximum veering may be colored red and those representing maximum backing 
may be colored blue.  After examining the streamline charts to determine 
the relation of the turning of the wind to the synoptic wind patterns, each 
axis of veering or backing, on the time-section, should be labeled with posi- 
tive or negative signs, indicating whether the turning of the wind is associa- 
ted with the movement of cyclonically or anticyclonically curved streamlines 
respectively.  The time of passage of the wave axes at each level may then 
be determined readily from the time section and the information used to help 
locate the corresponding wave axes on the streamline charts.  The wave axes 
located in this manner represent the axes of sharpest curvature in the stream- 
lines and need not be oriented normal to the wind current. 

When one or more stations are located upwind from a station for which a 
forecast is required, waves observed passing the upwind stations may be anti- 
cipated at the downwind station.  For example, in the upper diagram of figure 
4-41 the cyclonic axes of a well-marked wave (A) and a weak wave (B) are seen 
passing Majuro, in the low-level winds.  In the lower diagram of figure 4-41 
the cyclonic axes of these same waves may be seen passing Kwajalein about 36 
hours after passing Majuro.  Kwajalein is located approximately 250 nautical 
miles west-northwest of Majuro. 

Wave (A) extends vertically to at least 25,000 feet at both stations, 
while wave (B) extends to only 10,000 feet at Majuro and 8,000 feet at 
Kwajalein.  There is a third wave (C) which affects only the winds between 
6,000 feet and 25,000 feet at Majuro and only those between 10,000 feet 
and 30,000 feet at Kwajalein.  The 10,000 foot level at Majuro is affected 
by all three waves.  The 10,000 foot synoptic wind chart would therefore be 
complicated by three waves while charts for higher and lower leve .s would 
indicate only two.  The time-section then becomes an important tool for 
establishing the correct vertical continuity. 

4613. Analyzing the Wind Speeds.  At some stations in the trade wind 
zone variations in cloud and precipitation are associated not so much with 
changes in wind direction as with variations in the speed of the easterly 
current.  It Is advisable in such cases to carry out not an Isogon, but a speed 
field analysis.  Isotachs at 5 knot or 10 knot Intervals are drawn on the 
chart exactly as if it were an ordinary horizontal map (Fig. 4-42).  The 
main object of this analysis is to detect the passage of maxima and minima 
in the wind speed and to discover at what levels these maxima and itinima are 
found.  A complete analysis, of course, consists of both the isogonal and 
the speed patterns superimposed upon the same form.  There is usually no 
difficulty in making a clear, easily read single station analysis of this 
type if the base form is printed lightly, say in orange, and the plotting 
of the data Is done neatly with small figures. 

4614. Analyzing the Depth of the Moist Layer.  The time-section form 
also provides a convenient means of recording the depth of the moist layer. 
The top of the moist layer is determined from the radiosonde data and marked 
on the time-section at the appropriate grid point.  The plotted points are 
then connected by a colored lint, to provide a continuous trace of the changes 
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in height of the upper limit of the moist air. 

4620.  The Route Strip-Map. 

Another important analytic and forecasting aid is the route strip-map.  This 
is a small map of the area within a short distance on either side of a given 
flight route.  It is used as a means of classifying, displaying and analyzing 
the data from in-flight weather reports.  When the number of flights over a given 
route is limited to one or two per day, the in-flight weather reports, from the 
route, may be processed conveniently on the upper air synoptic maps.  However, 
when there are numerous flights each day over any of the routes within his area 
of interest, the forecaster needs a more practical means of using the in-flight 
weather reports.  If data from numerous flights at slightly diffe.ring times and 
altitudes over the same route are plotted on a single synoptic map, they tend to 
appear as a disorganized hodge-podge.  Many reports often appear to contradict 
others, and the data from an individual flight are difficult to identify.  In 
contrast, when the data from each flight are plotted on a separate strip-map, 
it may be interpreted and analyzed easily and is well displayed for use in de- 
oriefing incoming crews. 

The wind data on the strip-caps may be analyzed easily by using the latest 
analyzed wind map, for a level near the flight level, as a guide.  The strip- 
maps should be of the same scale and projection as the base map used for the 
wind analysis and should be printed on semi-transparent paper.  Each strip-map 
then may be placed over its corresponding area on the latest wind map and the 
underlying analysis used as a guide in sketching an analysis on the strip-map. 
The analyzed strip-maps will serve as a guide in analyzing later synoptic wind 
maps.  When the important features of the »,ind patterns have been located on 
the strip-maps they may be transferred directly to the synoptic charts, thus 
eliminating the need to plot in-flight weather reports on the latter. 

ft... Ü . 
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Fig.   4-43.     In-flight weather reports  plotted on a synoptic  chart, 
apparent conflict   in the data. 

Note the 

Figure 4-43 illustrates a 10,000 foot chart with plotted data from three 
flights on the route between Hickam Air Force Base, T.H., and Wake Island.  The 
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flight levels are at 9,000, 10,000 and 12.000 feet.  Notice that, even In 
areas where there la little time difference In the observations, many of the 
reported winds appear to be In disagreement.  In figure 4-44, we see the data 
from these same flights plotted on individual strip-maps.  Reported navigation 

Fig.  4-44.    In-flight weather reports plotted on strip-maps.    Note the 
vertical  and time continuity in the three analyses. 

winds are plotted between the appropriate reporting positions. A rough wind 
analysis has been sketched on each map; this analysis is consistent with each 
wind observation. 

The patterns in this example are not simple.  When the reports from all 
three flights are plotted together, as in figure 4-43, analysis is almost im- 
possible.  Certainly, winds within a three-thousand foot layer do not always 
disagree as much as these.  Occasionally, however, the disagreement is even 
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more marked, and for good reason.  Wherever the axes of ridge lines and trough 
lines slope steeply and intersect the flight route, the winds only a few hun- 
dred feet above and below the intersection will be in apparent disagreement. 
In this example, the southward slope of the ridge line coincides with the flight 
route at approximately 9,000 feet.  As a result, the 9,000 toot flight (the low- 
er strip-map, figure 4-44) has a preponderance of variable, but predominantly 
northerly winds.  The central portion of the 10,000 foot flight route (the raid- 
die map of figure 4-44) is north of the ridge line, at that level, and encoun- 
ters predominantly westerly winds.  The central and western portions of the 
12.000 foot flight are decidedly north of the ridge line at the 12,000 foot 
level; as a result, the 12,000 foot strip-map shows fairly strong south-west- 
erly winds. 

This description certainly over-simplifies the wind oatterns in figure 
4-44; the location of neutral points also introduces deviations in the wind. 
Nevertheless, these flights do show how the sloping axis of a major synoptic 
system can disturb the wind patterns within a relatively thin layer. 

The reader must realize that the strip-maps are not synoptic, I.e., they 
represent conditions encountered over an eight to ten-hour flight.  Therefore, 
they must be used only as an adjunct to the synoptic map.  In transferring any 
feature from the strip-map to the synoptic map, allowance must be made for the 
time-movement of the feature (see Section 4430). 

One useful feature of the strip-map is that it permits smaller scale maps 
to be used.  Since only a small amount of data is plotted on each strip-map, 
they may be of relatively small scale.  Also, since the consistent use of the 
strip-maps eliminates the necessity of plotting these inflight reports on the 
horizontal wind charts, a smaller scale may be used on these latter maps.  We 
repeat, however, that the scale on the strip-maps and the horizontal wind charts 
must be the same.  Any scale smaller than 1:20,000,000 is inadequate for either 
chart. 

The most Important feature of the strip-map is that it enables the analyst 
to use data which might otherwise appear conflicting and worthless. 

Ill 



5000. - 5100. 
SOl1ci. ANALYSIS OF THE FIELD OF COMPOS I T I ON. 

5100. CO~~OSITION OF T~~ TROPI~AL AT~OSPJ~RE. 

Many years ago it was established that the major constituents of the 
atmosphere, oxygen and nitrogen, varied insignificantly in amount from place 
to place at the eart~s surface. The ohysicists of t~e ti~e still assu~ed, 
however, that in the vertical a separation of the gases of the at•osphere 
int6 lighter an~ heavier ele•ents would occur. T~ey presu~ed t~at hydro~gen 

and helium would be found to ~redo~inate in the upper at•osphere. Pecent 
research . bas shown that this exp~ctation is not fulfilled. At least 
so far as its major co"stituents are concerned, the composition of the 
atmosphere varies very little below 200,000 feet and the only plausible 
explanation of tHs tact 1s that ~txing 1s Bnfficientl y intense both among 
the upper layers of the at•osphere and between those regio~s and the troposphere 
to assure approximately unifor• cc~position. The sa~e state of affairs is 
found when the very rare ~ases of the atmosphere, such as argon, xenon 
and neon, are studied. The proportion of ihese rare gases in t~e air varies 
very little from Place to place. To find the more variable constituents, 
therefore, we must look at the substances which are not as abundant as 
oxygen a~d nitrogen nor as rare as the nob l e gases. First, we ~ave solid and 
~iquid particles swept up from the surface of the earth by the activity of 
the wind: desert and industrial dust, s~o~es, salt particle~ fro~ the spray 
of the sea etc. Second, the amount of car~on dioxide varies from place to 
place and, as a result of industrial activity, has tended to increase i~ the 
atmosphere during the past 100 years. Lastly, •e have the •ajor constituent 
of interest to t~e meteorologist -- water substance. Tte percentage variation 
of water substance !n the atmosphere, when regarded as a variation of the total 
~aterial constituting the envelope of the earth, is insignificant; but 
when considered in relation to its ~eophysical effects it is by far the 
most important ~eteorological variable affecting life on t~e earth. This is 
partly because water substance is the only i~portant natural constituerit of 
the atmosphere which, at the temperatures encountered on the planet, ~an exist 
in each of its three phases, vavor, lin~id and solid. Changes of phase, that 
is, transitions from vapor to liquid •ater or to ice and vice versa, which 
ta~e place chiefly in the troposohere , ·produce t~e variations in cloud and 
precipitation w~ich we call the weat~er. 

then a meteorologist spea~s of the analysis of the fiel~ of co~position, 
then, he usually has in min~ the delineation of tte c~anges.in the state of 
water substance, ~ore particularly the changes from vapor to liquid and 
solid a~d the precioitation of the latter on to the surf~ce of the earth. 
Nevertheless, a co~plete analysis of the field of co~position woulrl include 
not only c~an~es in clo~~ and precipitation hut also the delineation of 
changes i~ rlistribution of water vaoor, hoth in the tori~ont~l a~d the 
vertical, an~ the granhical depiction of the concentration of industrial 
and natural sll!olres ~nd dusts, salt particles, anti si111ilar pol 1 tltants. 
Variation in the a~onnt of carbnn dioxide in t~e atrosp~ere has not yet b~en 
found to be of profound imoortance in ~etenrology and it is consequently 
o~itted in the a~nlysis of the field of co~po~ition. As a result of post ~ar 
nuclear develop~entR the variation in concentration of ra~toactive isotopes 
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Is  also  to  be   regarded  as  falling  within  the   field of meteorology.     However, 
the   study   of   these   changes   is  a   highly   specialized   function,   regarded  at 
present   as   being  beyond   the   scope  of  the   narmal   weather  station;   it   also   is 
omitted   in   the   discussion. 

In oceanic  tropical  meteorology  the  only  variations of coirposition  not 
Involving   water   substance  that  are   important   in air operations   are those  due 
to  the  activity  of volcanos,   the presence of  smoke  from forest   fires,   and   the 
presence  of   sea  spray  and  salt  haze over  the open sea  under special   conditions. 
Since  all   these   variations are passive,   that   is,   depend on dispersion of material 
by  turbulence   and   the   prevailing  winds,   a   good   wind  analysis  and   forecast   will 
lead  to  a  sufficiently accurate estimate of  their effect on operations.     The 
dust  storms  of   certain  tropical   continental   regions  are passive  phenomena  and 
can  be  treated   similarly.     Here  we   shall   treat   the  active   changes   --   that   is, 
changes   involving variation of phase  and  transformation of energy such as 
occurs  during   cloud   formation.     From   this  point  of view,   the  chief problem of 
the  analysis of  the   field  of composition  is  the  problem of cloud  and precipi- 
tation  analysis. 

5200. The Classification of Tropical Clouds. 

ihere is no essential qualitative difference between the clouds of the 
torrid zone and those of higher latitudes. The International system of classi- 
fication of clouds, developed almost entirely from the study of temperate 
and arctic hydrometeors, is still applicable in tropical meteorology. 

Nevertheless, the frequency of occurrence of the various species of clouds 

is> quite different in low latitudes -- certain forms considered relatively 
unimportant by the synoptic meteorologist working in continental middle latitudes 
become the predomlnent cloud species of the tropics.  Similarly other cloud 
forms whose varieties are reported minutely in the international cloud reporting 
code, because of their significance in frontal and air mass analysis, are 
relatively unimportant or even rare in low latitudes.  For this reason the Inter- 
national cloud reporting code is Inadequate in some respects and too lavish in 
others in its use of the code numbers.  The same remarks might be applied to 
the classification of precipitation types in the weather reporting code. 
However, these deficiencies and excesses of the surface reporting code CPH be 
compensated by a close study of aircraft reports, particularly those from 
weather reconnaissance aircraft.  In the interpretation of these reports, a 

detailed knowledge of the classification of cumullform clouds becomes necessary. 

While all the species of clouds, as recognized in the 
classification, are found both over the land and over the s 

the analyst must always be careful to keep the distinction 

and oceanic cloud in mind.  At a large distance from large 

masses, say more than 100 miles, diurnal variation in all t 

to be very small.  There have been frequent reports that th 
cloud variation over the open sea but this variation is so 
relatively unimportant in synoptic analysis.  On the other 
mountainous islands and the neighboring sea and over the co 
cycle of convection is extreme,and neither adequate analysi 
casting can be carried out unless the distinction between o 

international 

ea in the tropics, 
between orographic 

or mountainous land 
ypes of cloud seems 

ere is some diurnal 
small as to be 
hand, over tropical 
ntinents, the diurnal 
s nor correct tore- 
ro graphic and oceanic 
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cloud   is  continually maintained   in the  analysis.     The  discussion  of  tropical 
clouds,   then,   appropriately begins witt   oceanic   clouds,   since these  show  so 
little  diurnal   variation.     First,   a broad general    introduction to   the  subject 
may be  established by the study of climatological   charts  showing  the distri- 
bution  of the  various   cloud  species.     In  section  2300,the distribution  of  the 
various types of low,   middle and  high  clouds appear   in  diagramatlc   form.     The 
maps displayed   there show  immediately that  the  predominating  cloud   form  of  the 
tropics  is cumulus.     The tropical   meteorologist  therefore  first needs  a   finer 
classification  of convective  cloud,   especially cumulus,   than has  been  necessary 
in the  past.     Pour major types  of convective  clouds:     cumulus-humulis,   cumulus- 
mediocris,   cumulus-congestus,   and  ciimuloniTbus   are  recognized  in  the  Inter- 
national Classification;   thev are  further subdivided  here.     Secondly,   certain 
clouds  of the  high atmosphere,   which  in   mlddl     latitudes  appear  in   tegular 
succession and  which  consequently have  dominated  the classification  of 
cirriform types,   are  rare or absent  in  the tropics or occur  in  successions 
which  are  not  found  in other zones;   consequently  the high clouds  also  require 
a  new treatment.     Thirdly,   since  the  majority of  hydrometeors of operational 
Interest  are  found  in  the troposphere,   and  since  the  height  of the   tropopause 
in  low  latitudes   is  much greater  than that  elsewhere,   the  height  ranges  over 
which the classification  into  lower,   middle  and   upper  clouds   extend    are 
much  greater.     For example  it   is   not  at   all   rare   In  subequatorial   regions  to 
find  altocumulus,   consisting  of  water drops,   at   30,000   feet.     Cirrus   may  be 
as  high  as  60,000  feet   and  the vertical   extent   of some  convective  clouds   is 
as great  --  cumulonimbi  which  reach  from  500  to  50,000   feet  are  not   uncommon 
in  the  Western Pacific.     While  these differences between  high and   low lati- 
tude  weather are  important  enough,   there  is  another of far  greater  significance. 
For  some  time   tropical   meteorologist  have known  that  the  precipitation of 
clouds   in  low  latitudes differs markedly  from  that  found polewaid  of  the 
anticyclonlc belt.     In  the  tropical   easterlies   rain  falls  froT quasi-horizontal 
sheets  of  altostratus and   from cumulus when both  types  are  entirely  below 
the  freezing level   and  consequently coitain no  ice.     In  higher latitudes   on   the 
other  hand precipitation  falls  chiefly  from sloping  sheets of altostratus 
clouds  associated with  warm  fronts,   and   from cumulonimbi;   it  has  been  accepted 
that,   unless both types   of clouds  have an  admixture of  ice,   the  precipitation 
from  them  is  negligible.     The Bergeron-Pindeisen  theory of  precipitation, 
until   recently almost   unquestioned,   is based on  this observation.     The  great 
difference  between precipitation   in  the   easterly and westerly  branches of 
the  general   circulation makes  both  the analysis  and  the   forecasting of  the 
field  of composition  more difficult   in the tropics. 

The subdivision of the categories of convective cloud follows the 
broad classification of high latitudes, which is made according to the 
presence or absence of visible ice veils on the cloud. When no Ice is 
visible the hydrometeor is identified as cumulus medlocris. If its thickness 
is close to the mean for the season and latitude, cumulus-humulis, and 
cumulus-congestus, if it i» below or above that mean, respectively. If 
an  ice  veil   is present,   the cloud  is a cumulonimbus. 

The most striking variation amoiig cumuli  and  cumulonimbi   is  the  extent 
of  lean,   or shear,   of  the cloud,   that  is,   in position  of  the main  axis of  the 
cloud  with respect  to the vertical.     In  general,   we can  divide  the convective 
clouds,   whether or not   they have   ice  veils   In  their  tops,   into   the  doldrum 
class,   where lean  or shear is  small   or absent,   and  the  trade clas;.,   where 
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the shear Is sufficiently marked to be iminedlately obvious to eye examination. 
A second distinction among cumuli and cumulonlmbl may be made according to 
the arrangement of the clouds with respect to one another.  On some occasions 
the clouds are Isolated from one another -- each seems to be developing Inde- 
pendently of its neighbors •- if this is the case, the cloud is classified as 
isolated.  More frequently, however, the convective cloud elements show 
arrangement and orientation.  Either they tend to form small groups, perhaps 
dominated by a central member, or they are arranged in lines bearing some 
resemblence to the fronts of high latitudes.  The grouped or oriented clouds 
are said to belong to the category:  family type.  There are therefore four 
chief subclasses of convective cloud:  isolated doldrum, family doldrum, 
isolated trade, and family trade.  When these categories have been applied 
to the three types of cumulus and to cumulonimbus, and the presence or absence 
of large amounts of fracto-cumulus has been noted, sufficient subdivisions of 
convective cloud have been achieved for practical purposes. 

In some situations it would be desirable if the presence of altocumulus, 
altostratus, or stratocumulus, known to be derived from the convective cloud 
pillars, could also be reported.  Middle and upper clouds could then be class- 
ified according to their relation to convective clouds.  Stratocumulus, 
altocumulus altostratus, and cirrus all may be formed either from the 
convective pillars themselves (dependent type) or independently.  The distinc- 
tion between dependent and independent types is very important in the analysis 
of the weather distribution chart and if the distinction could be made in 
weather reporting, the work of the analyst would be much simplified.  Where 
the distinction is not made, analytic Judgement in interpreting the standard 
cloud reports becomes necessary.  The following description of the specific 
cloud types provides some means by which this judgement may be exercised. 

Over the open sea, by far the most common height for the base of convective 
cloud is 2,000 feet.  This base will frequently lower to 1500 and occasionally 
to 1,000 feet in precipitation.  Lowering in precipitation is more pronounced 
with cumulonimbus and bases of these clouds often occur at 500 feet over the 
open ocean.  Prom the weather reconnaisance data or from Pomars important cloud 
dimensions may be derived--; the height of the tops, the height of the base, 
the shape of the cloud, and whether it is precipitating or not.  Additional 
information which would be of the greatest use in analysis but which at 
present is reported neither in the international cloud code nor by reconnaissance 
aircraft would be the extent of lean or shear in the cloud, the effective cloud 
thickness (abbreviated ECT and more fully described below), the horizontal 
dimensions of the top  and bases of representative individual clouds and 
whether precipitation is falling from the top and sides of the cloud as well 
as from the base. 

In connection with the study of cumulus precipitation,some refinement 
in description is necessary.  There have been statements that cumuli of very 
small vertical dimensions precipitate over the open sea.  Experience in the 
Marshall Islands Indicates that these reports are probably based upon a 
misapprehension.  If the top of a cumulus cloud is detached from its base 
at the moment of maximum vertical development, just before rain from the 
cumulus is due to occur, precipitation may fall from the detached top and not 
from the base.  If the observer has not carefully watched the previous 

116 

•^MBMMH^^MMHMMIniaHHMMBHMailMMiMaMMlMIHMi 



5200.   -  5210. 

development of the cloud he may suppose that  the  top  Is,   itself,   a   conplete 
cloud.     When  the  proper distinctions   are  made   it   is  possible   to  estimate  the 
ralnimaiB  thickness  of a cumulus  cloud "which will   ?ive  precipitation:     this 
minimum  effective  cloud  thickness  is  about   6.000   feet. 

The  major points already  outlined  ray he   illustrated by   reference   to 
specific  cloud types over  the open ocean. 

5210.     Doldrum  Cumulus. 

Extensive  regions over which  very  light  winds or  calms prevail   are  common 
near  the  equator   in  the  western parts  of  the  oceans.     Unlike  the  calm areas 
accompanying  the centers  of the oceanic  high  pressure  belts,   such   "doldrum" 
areas are  characterized by wide  spread  and  heavy precipitation.     While  much of 
this  rain,   perhaps  the  major portion  by volume,   falls   fror altostratus  and 
from cumulonimbi,   the  most   frequent  showers  are  precipitated   from doldrum 
cumuli  which do  not  attain the levels  at   which  ice may  form.     The peculiari- 
ties  of these cumuli  depend  not only  on  the   light   winds of  the  doldrums  --   the 
wind  must  also  vary only slightly with height   in  either direction or   speed 
over  the   levels through which the  shower  clouds  extend.     The  typical   isolated 
doldrum cumulus has  a vertical   axis.     The  base   is  slightly wider  than  the  top; 
it   is   followed  by  a  narrow   "neck"  which  may often  have a very  smooth outline; 
the  top   is  bulging  and  well   rounded,   usually  consisting of a   single 
"cauliflower  lobe".     Only occasionally are there  associated  slender  strato- 
curaulus  strips,   and  when these occur  there  are  often  two preferred   levels of 
formation:     the   first  Just  above  the  base  and  the second  at  about   the widest 
part  of the  top.     The  most  frequent   level   for  the base   is 2,000   feet  with  a 
lowering at most   to   1500  feet  when the  shower  forms.     The  tops  at  maximum  de- 
velopment vary between  6,000 and   )2,000  feet  with  the most   frequent   height 
under  calm conditions  being at  about   9,000   feet.     With  tops at  this  level 
the base  diameter will   be of  the order of  3,000  feet,   the broadest  part  of 
the  top  being  somewhere  near 2,000  feet  across.     The  average  time   from the 
first  appearance of  the cloud until   rain   falls,   after maximuro development, 
is hal fan    hour. 

Fie.   5-1.     Doldrum rwrulu*. 

The Isolated doldrum cumulus 
is a comparatively rare cloud; the 
almost dead calm extending from the 
surface to 10,000 feet, which Is re- 
quired for Its perfect development, 
occurs very Infrequently over the 

open ocean even in the regions cus- 

tomarily  considered by cllmatolo- 
gists to be the doldrums.  More fre- 
quently a light wind of between 5 
and 10 knots prevails in those regions, 
but this wind often will have little 
variation with height below 15,000 

feet.  Under these circumstances the 
doldrum cumuli will he arranged In 

groups or lines.  The grouped clouds 
have a curious tendency to consist of 

117 



5210.    -   5220. 

fig.   5-2.     DpHrur cumulus,   orpcioi- 

fat inn. 

Fio.   5-3.      Isrlz+pri icMrwri cuvulus. 

entation of ttie individual cloud element 
arraimoments are enconntereri, with the 1 
lated rnmiil i tend to adopt a linear arra 
clouds   are   observed   trov   some  height,   su 

three  clouds  of  about  the   same   stace 
.of  devel oprrent,   sometimes  so   closely 
approximating  as   to  be   fused   at   the 
base.      When   lines  of doldrum   cumuli 
form,   they  seem  always   to   be  oriented 
along   the  wind.      Figures  5-1   to  5-3 
illustrate   these   cloud   types. 

Figure 5-1   shows  a   oortion   of a 
line   of  doldrurr  cumuli   in   varlors 
stages   of  development,   the  central 
cloud   being  a   family of   three   at   about 
maximum  development.     One  reirber   of 
this   group   is  precipitating.      The  cor- 
related  wind   field,   observed   by   ra- 
winsonde  at   the time of   the  photograph 
from  which  this  drawing was made,   shows 
the  absence  of  shear.     The  presence  of 
large  water drops  in  the precipitation 
from   this cloud  type is  shown   by the 
rainbow   In   figure  5-2.     An   isolated 
doldrum  cumulus  may  be  seen  in   figure 
5-6. 

5220.     Trade  Cumulus. 

As   its  name   Implies,   the   trade 
cumulus   cloud   is  most   frequently   found 
in  the  wind  belt   between   latitudes   10° 
and  30°  north  and  south  of the  equator. 
It   Is   not  confined  to  these   regions; 
whereter  the appropriate  wind   and  sta- 
bility  conditions  exist,   even  on  the 
equator,   trade  cumulus  will   be   found. 
Its  chief characteristic  is  that   the 
axis  of  the cloud  mass  is  Inclined. 
Both   isolated and   family  types  of orl- 

s   are  equally  common.     Occasionally,   linear 
Ines  as   much   as  300  mi^es   long.      Even   iso- 
ntement.      This  may  not   be  evident   until   the 
ch   as   above   25,000   feet. 

Trade  cumuli   vary   widely   in   their  dimensions.     The  base  usually  is  near   1,800 
fet't;   under  conditions  of  strong  horizontal   velocity   divergence   (see  Section   6200) 
in   the   lower atmosphere,   small   amounts  of   trade  cumuli   may  be  based  as  high   as  3,000 
feet.     T^e  height  of   the   tops  varies  both   with   latitude  and  longitude   in   step   with 
the   KPOgrapMcal   variation   of  the  atmospheric  stability,   as   shown  by  the   radio 
snundinss.     For  example,   the   characteristic   height   of  the  trade  cumulus  tops   In 
th,p  Eastern  Pacific   is  7,000   feet.     Further  west,    fror  the «arshalls   to   the  Phil- 
ippines,    the  most   frequent   height  of  the   tops  will   be  somewhere  between   7,000  and 
10,000   feet.     On   the  average,   the   tons  will   be  higher  t^e  lower  the  latitude,   but 
this   is   not   invariably   the   case,   since  certain   equatorial   regions  are   noted   for 
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their dryness  and  stability aloft.      Tt'us,   the  eouatorial   portions  of   the Central 
Pacific,   north   of  the   Marquesas   Islands,   are   very  dry  and   are   characteri^ed   by 
trade  cumulus  clouds  not  more  than   4,000   feet   thick.     Tne   horizontal   dimensions 
are  more   difficult   to  estimate,   since   the   forrr  of  the  cloud   depends   so   much   upon 
the  vertical   wind profile.     Typical   basal   diameters  lie   between  3,000   and  4.000 
feet;     if  the shear in  the  wind   is  extreme,   the  tops may  be  considerably  larger 
than  the   bases,   streaming out  to  as  much   as 6,000 or 7,000   feet   along   a   longi- 
tudinal   axis.      Small   isolated  trade   cumuli   have  a   typical   basal   dimonsion   of 
1,000   feet  with   the  tops much  narrower   than   that. 

ggg^ggy^ggs^^^^ 

Fig.   5-4.     Tra'ie cumulu*  soqupnce,   shovinc   "shoarinn" o*  the  urnor  narf of  the 
cloud.   (From rhefoarachs   fskpn at  f*o-rinufp   in*f>rval *). 

Figure  5-4   illustrates   the  motion   and   development   of  an   extreme   fornl   of  trade 
cumulus.     The  wind  soundings   for   the   day   she   *hat   the   vprtical   shear   in   the  wind 
was   very   great.      The  photographs   from   which   the   drawings   were  mnde   were   taken 
at   two-minute  intervals,   and  they  illustrate  the  inclination  of  the   clouds  and 
the  destruction of the  tops.     During  the  shearine of  the upper part   of  the  cloud, 
the   tops  approximate   to stratocumuli   and   are   frequently  so   reported   in   routine 
weather  observations. 

The  most   important   cloud  parameter,   however,   is   the   effective   cloud   thick- 
ness.      This  may  be  defined  as  the  distance   between   the  center   of   the   base  of   the 
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rloiii ami th •» hi?fi»»st potnt on the cloul surface v»-rt i ra I ly above that point. 
If the shear in the rlnii') is oxtre^c, t'i i ■ offm-tive rlond thickness may he 

smaller than the 'lepth of the cloud moasurert vertivally from top to base.  Un- 

fortunately, routine weather reports nive only the heipht of the tops and the 

bases of the clouds and no estimate of the efffctive cloud thickness.  The 

Importance of this parameter depends on the fact that, If the shear of the 
cloud is sufficiently ereat to he easily recounted by eye observation, trade 
cumulus is unlikely to be accompanied by precipitation. 

bxperiL'iice in tnu PciCifU- su^ust;; that the uttective cloud thickness 
over the open sea must ue at least 6,L)0ü teet Betöre truces ot precipitation 
from the oase can oe seen.  This is a necessary, but not a sufficient, con- 
dition;  it appears that the effective cloud thickness can sometinies be great- 
er than this without precipitation. 

Stratocuniu lus may or n.ay not ue associated with trade cumulus.  It is 
toriir.on to find stiiall fra^nients associated with the base at approximately 
JÜU feet aüove the littinti condensation level.  Occasionally, larye a.nounts 
ot stratocumulus may oe formed jy a 'strean.iiii;" of the tops under ijreat shear. 

b<!U0.  Frac to-cumul us and 1-rac to-s t ratus. 

Napier Shav. (li/Jo) has raised pertinent onjections to the prefix "fracto" 
in cloud classification.  Kj says, "liiere is at present no general international 
aRreemer.'t as to the physical processes nhich are presented uy the several cloud 
forn.s.  1 snould find it very difficult to reconcile the adjectives ventosus 
or t ractus, tor example, with the views of the physical processes which seem to 
me to be estaolished:  in the cane of ventosus uecause it suggests a relation 
oetween a torm of tne cloud and variations ot tne wind.tor which we have no 
evidence, und in the case of fractus because it suggests, equally without 
evidence, that the separated clouds were originally united".  oceanic ouser- 
vations seen to estaulish that the clouds ordinarily classified oy ooservers 
as tracto-cun-ulus nr fracto-stratus originate in several distinct and unre- 

lated ways: 
As the initial stage ot cuniulus or stratocutiul us cloud.  Since 

cumulus, at least, passes rapidly toward its riiaxin.uni development soon 
after initial formation, the cloud form predominating at any time will 
approximate to the form at maximum development.  The initial stages, if 
isolated, will appear as insigm1 leant cumulus-humulis or fracto-cumulus 
interspersed among the larger clouds.  It the cumuli grow more slowly 
than normal, large amqunts ot tracto-cumuli may be reported;  they may 
then be taken as evidence of strong shear which will not prevail. 

As true t racto-cumul us, that is, cuuiulus fragments usually sheared 
trom the parent cloud.  Prom the ground, the uasc of such fragments may 
appear to ue at the same level as the rest ot the cumuli, whereas, when' 
„hey are ouserved fron: the air, they will see» to ue at the general level 
ot the tops. 

As very small pieces ot the stratocumulus which frequently form as 
thin sheets or plates just aoove the uase or oelow the top of the cumulus. 
In some ot these cases, the struLocumulus has no connection at any time 
with other clouds. 

As aborted cumulus.  Occasionally, especially when the lower atmo- 
sphere is stanle an 1 the win! shear very strong, the initial stages of 
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cumuli   are  short-lived.     Turbulent   ■lotions  can   be detected   in   the  cloud 
at   the  moment  of Its   formation,   and   the  cloud  itself rapidly   thin:,  and 
disperses   In  the  form of  filaments,   usually  curved,   which  evaporate.     The 
sky may  contain  as much  as 5/10ths  of such  short-lived  clouds.     Observations 
at  sea  show  that  these  fragments have  a  lifetime of the order  of   five min- 
utes.     They   constantly  form  and  disappear. 

The term,   *fracto-cumulus",   has become  established   in  the  literature  beyond 
revision.     It  Is  well   to  remember  that   as many  as   four distinct   types of cloud 
may be  included under this  term.     "Fracto-cnmulus"   is greatly over-used  to 
report   the  types of clouds described  above. 

5240.     Altocumulus and Stratocumtilus  Formed   from Cumulus. 

The process by which   the  tops of  cumuli   may  shear off to  form fracto- 
cumulus  or stratocumulus has  been  described.     If the  cumulus  cloud top   is 
high  enough,   the  dependent  cloud will   be  classified  as altocuirulus rather 
than stratocumulus. 

It  Is  characteristic of this  type  of  stratiform  cloud  that   the  rolls 
are longitudinal,   that  is,   oriented  along the  wind.     This  is  to  be   attributed 
to the manner  in  which   they are  formed.     Since  appreciable amounts  of  this 
cloud will   be  developed  only when the parent  cumuli   are oriented   in   lines 
which  lie along  the  wind,   the derived  stratocumulus  or altocumulus  will   also 
show this  characteristic. 

5250.     Independently Formed Stratocnmulus. 

Independent   stratocumulus often  appears,   to superficial   observation,   to 
hav originated   from cumulus  either  by  shearing off and spreading of  the 
cu.-  lus  top  or  by  spreading  of material   from   Its sides under  an   Inversion. 
However,   close  observation,   especially   from an   aircraft,   of  the steps  by  wMch 
the stratiform  cloud  develops will   show  that  the  elements originate   in  clear 
air as distinct  entities unconnected  with   the  cumulus.     Later  they  may  become 
fused with  one  another  and  with  the  cumulus. 

In  small   amounts,   stratocumulus  of   this   type  Is  very common   between  lines 
of oceanic  cumulus-congestus.     However,   It   is  also  found over  the  open  ocean 
in  areas   from which  cumulus  is completely  lacking;      it  then occurs   in  patches, 
each of  which  usually measures  five  to  ten  miles across.     Outside   this  patch, 
cumulus  may  predominate,   and  there  appears   to be no   reason  why single  patches 
of stratocumulus  should  persist  In  this  manner.     It   is suspected   that  the 
patch   first   forms  during precipitation   from  a  group  of large  cumuli   which 
disappear  after  rain;     conclusive  evidence on   this  point,   however,    is not 
available. 

In   the  higher  tropical   latitudes,   sheets  of  stratocumulus   frequently 
form just  below  an  inversion   in  the trades.     Such  sheets are often   very  ex- 
tensive   in   the  divergent  area  between   the  centers of  the  subtropical   highs 
and the  trade wind maximum.     If cumulus  is present,   it  is usually  in  the 
form of  cumulus-humulis,   unrelated  to  the  stratocumulus and  at  a   lower  level. 
The stratocumulus  usually  exhibits  a  roll,   or corrugated,   structure.     In  all 
cases examined  in   the Central  Pacific,   the  rolls  were transverse,    that   is, 
oriented  normal   to  the wind at  cloud  level.     It  appears   from  shipboard  obser- 
vations  that   the  roll   structure  is  present   from  the  very beginning. 
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5260. Al tor umul us   and   Altostratus  of   Indepe   jent.   Formation. 

While  occasionally   the  altocumulus, and  altostratus  which   occur   Indeoend- 
ently of  convectlve clouds exist  as   very   srrall   patches,   by  far the   most   import- 
ant   species   Is  that  which   Is   found   in the   form  of  very  extensive  but   broken 
sheets.     The  sheets  sometimes   cover   areas   many  thousands   of  square   miles   In 
extent.      However,   they   are rarely   absolutely  continuous  as  altostratus over 
such   huge   areas;    here  and   there  the   sheet   thins   out,   vanishes  or   Is   trans- 
formed   Into   mixed  altostratus-altocurulus.      When   the   cloud  reports   are   plotted 
on a   synoptic map,   It   Is  seen   that  even   these thinner portions are  still   part 
of  the  much   larger,   organized   system.     The   thicker  parts of  the  system  consist 
of  deep  altostratus  cloud  from  which  a  fine  but   steady  precipitation  usually 
falls.      Since   such  extensive   systems  of  altostratus-altocumulus  are  of  great 
synoptic   importance,   and   since  their  presence  and   transformations  are  so   diffi- 
cult   to   forecast   in  practice,    they   form   the major   topic  of this  section.      For 
brevity,    the  whole  altostratus-altocumulus   sheet   Is  called  an   "alto-system ". 

Alto-systems  occur   in  two  major   forms.     The   first   form  is  known  as  the 
typhoon  cloud,   since it   is commonly  associated  with  the  central   portions  of 
a  typhoon   or hurricane.      It  consists  of  a   bowl-shaped  altostratus  or nlmbo- 
stratus  cloud  extending   from   the  central   portions  of the  storm,   at   the   edge 
of  the  eye,   across  the  atmosphere  above  and  beyond   the   strong  surface  wind 
belt.     Its  outer  edge   Is  often   frayed  into   altocumulus  or patchy  altostratus; 
sometimes   it   extends   to  the  cirrus   level,   showing  on   its  extreme  outer edge 
a   fibrous   structure  that   indicates  the  presence   if  ice   crystals.      In  the  West- 
ern   Pacific,   the   leading  edge  of  the   typhoon  cloud   is  often   remarkably well- 
defined  and   can   be  seen  coming  above   the  horizon   as  the   typhoon  approaches  a 
station.     Photographs   from  weather   reconnaissance  aircraft   show  that   the  alto- 
system   is  penetrated by  cumulus  and   cumulonimbus,   many  of which  pass  through 
the   sheet   Into  the  upper  portion  of   the  storm. 

Though  extensive,   the  typhoon   cloud   is  not   to  be  compared   in  horizontal 
dimensions   with   the  second  type of  alto-system,   the one  which   is  associated  with 
perturbations  of  the atmospheric  layers  between   20,000  and 50,000   feet.     These 
are   the  sheets   showlng   the   greatest   variation   in   structure.     As  already  pointed 
out,   part   of  the   alto-system  may be   so   thick  as   to   constitute  an  overcast   of 
nlmbostratus   from  which   light   to moderate   rain may   fall.     Near  its   edge,   the 
sheet  may   thin   out  to   form  a   deck  of  thin,   plate-like  altocumulus.     Gaps,   which 
are  entirely  free   from  middle   cloud,   may   exist   in   the  sheet.     Not  only  does 
the   sheet   show  this  type of  space-variation,   but   all   of  these  various  conditions 
may   exist   at  a  given  station   within   a  24-hour period.     At  any   individual   sta- 
tion   under  the   system,   it   is  very  dangerous   to  assume   that,   when   such  a  sheet 
has   cleared  off,    it will   not   return   within   the  next  24   hours.     Only  the  plotting 
of  a  weather  distribution   chart,   and  its   analysis,   can   give  the   forecaster  a 
guide   to   the  space  and   time variations  in   the sheet.     Once  such  sheets  are 
formed,   a  process  sometimes  requiring  several   days,   the   system may   be  very 
persistent.     Thus,   in  the Marshall   Islands,   cases   are  '.nown   in   which   an  alto- 
system  has  covered  the  whole  of  the  southern  group  of  Islands,   from   the Caro- 
lines  to  Majuro,    for over  a week.     The  correlations  of   this  type of  cloud   with 
the  upper-level   synoptic  situation   are  treated  in   section   633U. 
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5270.     Precipitation   from StratlforTi  cloufi. 

As  already   remarked,   precipitation  In   the  tropics   falls  not   only   from 
cumulus  and  cumulonimbus  but also   from  stratiform  sheets;      as   far as   any 
investigation  has   gone at  present,   it   seems  to   fall   only   from  stratiform 
clouds  of  independent   formation.     Sometimes,   in   the  late  stapes  of develop- 
ment  of  cumulus-conftestus  and  cumulonimbus,   originally  independent  strati- 
form  clouds  may  fuse with   a convectlve mass.     Close observation   during  the 
ralnout  of this mass  will   show  that   the  associated  stratiform   cloud   is  also 
precipitating.     Under these  circumstances,   vlrga  can   be  seen   beneath   a   re- 
iParbably  thin,   assrciated,   stratiform   sheet.     At   the  ground,   this   type  of 
precipitation   may not be distinguished   from  the  rain   that   Is   falling   from 
the cumulus  or cumulonimbus.     It   is  not  possible,   under  the   present   report- 
ing system,   to make  the necessary  distinctions  between  the  cuirulus   rain  and 
the rain  from the stratiform cloud. 

5280.     Cumulonimbus  and Dependent  Cirrus   (Cirrus Spissatus). 

Contrary to the usually accepted accounts of equatorial  weather which 
appear  In  textbooks,   cumulonimbus  is not  a common  cloud over  equatorial   and 
sub-equatorial  oceans.     The  climatic charts of the oceans,   (see section  2300) 
for example,   show  that  less  than   20% of  the   1200 G.C.T.   observations  contained 
a  report  of cumulonimbus  in  the   region   between   100N.   and   10os.   and  east of 
160oE.     The rarity of the cloud  is more strikingly displayed,   perhaps,   by the 
low frequency of thunderstorms reported by all  stations lying within  this area. 
In  general,   from  the Marshall   Islands  eastward,   thunderstorms average about 
one a month. 

Although cumulonimbus  Is a comparatively  rare cloud,   when  It  does occur 
over  the ocean  it Is usually part of a linear convectlve system  bearing a  very 
close  resemblance to  the cold front of high  latitudes.     Such  is the size of 
the tropical   cumulonimbus and so massive  Is the convectlve activity of which 
it  is an  expression,that  the presence of such a system can often  be detected 
by synoptic analysis of the precipitation alone.     It  has often been   remarked 
that the  cumulonimbus Is a veritable cloud  factory.     This Is  based upon  the 
supposition  that  stratiform    clouds in  the neighborhood are outgrowths   from 
It.     However,   these other forms are often  expressions of widespread,   organized 
convection  in  the upper air and hence would be regarded as  Independent.     When 
this is  the case,   the line of cumulonimbus will   be associated not only with 
parallel   lines of cumulus-congestus of varying h.lght but also  with  extensive 
sheets of Independent altostratus  and altocumulus.     The associated alto- 
system may occur in  as many as  four or  five layers,   and the   layers may.   In 
part,   fuse with one another and with  the  cumulonimbus.     When  wel1-developed, 
this alto-system also precipitates. 

In  spite of Its huge vertical   development,   an  Individual   cumulonimbus 
over the open ocean  Is comparatively short-lived.    The entire develop-nent of 
an  Individual   cloud  rarely occupies n period of time longer than  two hours. 
Toward the end of this period,   the lower hslc" of the cloud  Is dissipated  by 
precipitation,   leaving behind scattered portions of associated alto-clouds 
and the anvil   top.     Since the anvil   almost, always extends  into  regions where 
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h e wi11rl i if fer,.. nt f n m t he lo-.er easterlies or lower "'onsoons, it becomes 
wark ed Y II S)" 'TI !'t ri ca l. After ti-e detachment, the asymrretry of the al\Vtl be
come s more p ro nounced, and it often stretcheR over a considerable horizontal 
distanc e . It beg iro s to "tray" Pnd disperse at· the edges, probably under the 
a~ t ion of t urbulent e ddies at t he high levels to whic~ it has penetrated. Nev• 
erthel es s, it may per s ist in the uop-.r atmosphere for a lonR time, almost tn-
vari a hly f o r o;ever11l hours; it is suspectett, untter certain circumstance!!, that 
it r.uay !11s t a s lonl! BS one or t•o days. · ourinR the latter part of this t1111e, 
it 1s disper s ed and distorted into strange forms. The main axis of the old 
anvil usually lies along the nirectton of the upper •ind; in addition, the 
c loud forms lateral branches and filaments of very regular appearance, presu~

a t ly becau s e of the regularity of the eddies dispersing the elo•td material. 
~1th the ~ro wth of large ice crystals in the cloud, precipitation trails may 
form and completely altP.r the ort~tnal anvil appearence. In a late stage, a 
sin gl e anvil m11y extend as much as a hundred and fifty miles in the fo~m of 
a ftla111entons " t e athPr", or fish hone". All such forms should be classified 
as cirrus s pis s atus. In local forecasting, the m~teorolo~tst may often recon
st rnct a convPct i ve t;t story of a local tty for as Ion~ as the previous 24 hours 
on the basts of the ~nowlert~e of the u~ual tran~formattuns of anvils in the 
area and the various fo rms under which ctrr~s spissatus may occur. A knowled~e 
of these forms is especi11lly valuable to observers on weather reconnaissance 
at rcraft. 

5290. Independent Cirrus, Cirro!ltratus R'ld Cirrocumulus. ' 

I!'l its early sta!les, cirrus sphsatus is usually identified with ease. 
Lat e r, it i s llistin l! trished fro!" cirru!ll of indepP.ndent for!llatton with difficulty, 
parti c ul a rly ~he11 oc curin~ in !I'Tiall amounts. Indeoendent cirrll!ll is of synoptic 
i~portanc e only •hen it occurs as an extensive !!heet o~ fibrous clrru~ or 
ctrrostratu!l, In su~-eqllatortal oceanic re~ions. P.Xtensive sheets of cirrus 
or cirro!'tratlls of indepef!dent formation rP.se'llble inderendent alto-system!! in 
that th e y are formed by lar~e scale ~scent R!lsociated with a synoptic disturb-
anc e in the hi~h at111osphere. In fact, sue~ cirro!ltratus sheets often precerte 
th P appearan c e of the alto-system by sever~! days, and they may co-exist and 
t o~se with such l:~ter de~eloped sheets. The plottin~t of extensive independent 
s he e ts of c irrostratus and cirrus is often a valuable aid in the early detection 
of upp e r-l e ve l disturban<'es. 

5 300. TIIF. li'E.ATrF.R DISTP.I Hl' TIO!Ii \1AP. 

Th e weRther distrihuti o 'l Tao is a gra?hical representation of the clouda 
anrl weather ov e r an ~r ea of ore ra t i n!'l. In hi'h latitudPs, most forecasters 
wc.uld be r e lu ct ant tn s p P ~ 1 t he ti"'P necessar y for analyzi11g such a chart be
c a 11se th e surf:l <' P s ynop ti c rro an , with the doords and •eather plotted at each 
s ta ti o n t og Pthf'r ... i th II' P i r! P!"' t i fi c a t i o n nf air masses 11nd fronts, is adeouate 
for rr0s t pu r'lo ses . ~'o r np P r a t i o11s in the tropics, ho•ever, ttre •eat her dis
trih•rtion 11' 8 1' i s a l mo st i ~r!i s r r n sihlP for both forecasting and briefing. In 
i ns tance s wherr p re·i ~ e a 11 rl d Pt a t!P 1 analysts of weather over particular ter-

11' inals o r ~rP a s is r eq nire :l , it i s o ftPn nPcessary to folio• the continuity 
o f the we ath nr a nd cl o •1d prt ttPrns i"l ne sa!l'e fast>ion as the conttnutty of low 
p r e ssure c l'nt prs and fr o rts . As a bri efinl! chart, ttle weather distrib11t1on 
'l' aP i s pprh rtps tl•r mos t pra c t l ea l means of presenting the weather to non-meteor-
o l o gi s t s . r i n rtll y , t ~ e ;1rt of forecasting the weathe r depends upon the ability 
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to corr~ late chances in the ~ind pa~terns with parallel changes in the cloud 
and prectp tation patterns. 

several technlques of drawing a weather distribution ~ap have been devel
oped. The Method outlined here is based upon one that appeared in the AAF 
Manual 105·10 (Tropical Meteorology, May 1945). It is, perhaps, the mo~t 
practical solution to the problem of graphical representation of such coMplex 
variables as clouds and weather. 

-..... , -..z . 'nllll ............... (if "' ,_, . .,...... ..... . . .............. ..... . . ..... ....... .. . ............. ..... 
\: .,..... ---
CikOI~Ow • ~ ....... 
!_'111j•s • ...... ., elM 1111 tllll'll c: • ,,.. .. elM 
1111 ...... c ... "" . ._. .. _. .. -......--- ....... .. . ....... "-- .... .. ---"' -· ow ......... w 

.-s ...... IOI·S4, • ..._ CMI• .... I ..... ............................. , 
Fig. S-5. Plotting •ode/ for •Rec

co Code•. 

EXAMPLE OF DATA 

VULTURE LIMA 

••••• 04114 71241 11144 

01101 01011 11101 14441 

11147 12010 IIIII 210XX 

11114 10017 41111 ••••• 
IIIII 11411 

5310. Plottin~t Procedures. 

The pr~paration of the weather dis
tribution map ts based on information 
from one nr more of the following sources; 
(1) surface reports frnm lRnd stations and 
shiPs, (2) reconnaissance aircraft reports 
(recco reports), anr:l (3) transient aircraft 
reports. 

The complete weather distribution 
plotting model is shown in ficure 5•5. 
It iR sufficiently detailed to enable all 
the data from a reconnaissance aircraft 
report to be plotted. A sRmple report 
from a reconnaissance observation is 
shown, both in code and in plotted form, 
in figure 5-6, below. 

The present Practice of takinc the 
reconnaissance observations 100 miles a
part li11i ts the scale of the ct!art. If 

&;!AMPLE OF PLOTTED REPORT 

XX 
~ 

~. 
R " .-e 
v ®Its···· 

1\1 
10 

,OS.MI 

Fig. S-6. Plotted report fro• reconnaissance aircraft. 
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Ill               WEATHER    DISTRIBUTION    SYMBOLS                       ' 

C59 5 TO 8/8    HIGH    CLOUDS (Cl,   cs, a CC)    1 
( ess) ^ |    1  TO 4/8   HIGH    CLOUDS (ci,  cs. a cc) 

NED i    5 TO 8/8   MIDDLE     CLOUDS    (AS,  &    AC)        | |^a 1  TO 4/8   MIDDLE     CLOUDS    (AS    a   AC)        1 

«• i    7 TO 8/8   LOW    CLOUDS (SC,   ST.   a  NS) 

•^ |    4 TO 6/8   LOW    CLOUDS (SC.   ST.   a  NS) 
1        CXD 1  TO 3/8   LOW    CLOUDS (SC.   ST.   a  NS) 

A 7 TO 8/8    LOW     CLOUDS (CU) 

4 TO 6/8    LOW    CLOUDS (CU) 
— 

1  TO 3/8    LOW     CLOUDS (CU)                         1 

^ 
CUMULONIMBUS 

ft 1; 

THUNDERSTORMS 

7 SHOWERS 

RAIN                                                                                1 

||{CLEAR)J CLEAR    AREAS     WILL    BE LEFT     BLANK     | 

Table J-I.     Symbols used  in a weather distribution map. 

p.ll   the   weather  data   In   a   rebonnal ssance  observation  are  to   be plotted,   a 
chart   »ith   a   scale  no   smaller  than   1:5,000,000  may  be considered practical. 
Larger   scales   are  optional.     for   purnoses   of uniformity  with   charts  ifed 
for  *inri   analysis,   a  Mercator's  projection   is   recommended. 

Off-time   renorts   should be  indicated  as  such,   especially   if  reconnais- 
sance   runs  are  used   (sec Section   4430).     Any  additional   information,   such   as 
radar   reports,   sferics   reports or  clear   lans'iape  descriptions  of  weather  or 
olond  phenomena   should   be  entered  at   the   aporoprlate place.     It   is   very   im- 
portant   to  plot   snmmarles  of rraterial   obtained   from  air-crews  durin?  de- 
brieflnps.     All   pertinent  weather or  cloud  data   fron   land  or ship   reports, 
pnnrs,   "letrars,   etc.,   can   be  adapted   to   the  plottlna model   shown   in   figure 
o-o   and   plotter'   on   the   weather distribution   map. 
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A  completed »eather distribution  map   graphically   represents  the amount, 
location  and  extent  of high,   irlddle  and   low clouds  anl  the  type,   location   and 
extent of precipitation.     The  symbols used in   constructing the weather dis- 
tributior. map   are shown  in  table 5-1  on   the opposite page.     These  symbols  were 
designed  to  indicate  the amount of cloud  cover  as  well   as  the  type  of cloud 
reported.     The darker,   or more predominant symbols indicate a greater cloud 
coverage.     If  care   is exercised  In   spacing the  symbols,   the  areas  of scatter- 
ed  clouds  will   appear to  be  light  in  color or  tone,   while  the  broken  or  over- 
cast  areas will   appear darker and "nore congested. 

Three types of colored  pencils  and  assorted  rubber  stamps are  used   in 
constructing  the map.     Since  the  stamp  pad ink  has  a  slight tendency to   smear 
when   freshly  applied,   it  is  suggested that  the  clouds and »eather  be applied 
In  the   following order: 

The middle  clouds  in orange  and  red  shadlnR. 
The high  clouds  in dashed or continuous green   lines. 
The  lo«  clouds   (rubber stamps,   preferably). 
Precipitation   (rubber stamps,   preferably). 

If rubber stamps are not available,   the   Individual   symbols may be  drawn   in 
pencil   or Ink.     This  is an  extremely  tedious process,   however,   and   is not 
recommended. 

5400.      ANALYSIS   OP  WFATHUR DISTRIBUTION  MAPS. 

If weather distribution maps  form a  part   of the standard daily  analysis 
in   the  weather  station,   the   task   of drawing the map   is  greatly  simplified  by 
the  fact  that  the malor weather systems  of the  tropics  have continuity   from 
map  to map.     Prom day  to day,   large-scale systems,   moving through  the  area 
of operation,   may show the  same characteristic   intensity,   as judged  by  the 
amount,   depth   and arrangement  of  the clouds and  the precipitation  patterns. 
On  the other hand,   they may Increase in  Intensity or die away,   but,   except 
perhaps  during the explosive deepening of some  typhoons  and hurricanes,   the 
changes  are sufficiently slow to be  followed  easily on  the map sequences. 
In   some   regions,   for  example   the Marshall   Islands,   systems may  form aloft 
and  remain stationary  for many days,   slowly Increasing in  Intensity  from 
day  to  day.     Under these circumstances,   the whole process of deterioration 
in  the weather can  be  followed in  detail   and   forecast by simple extrapolation. 

In  describing  the method of analysis,   we  are assuming that   this conven- 
ient continuity cannot be used.     We will   suppose that  the  forecaster is con- 
fronted with  the problem of analyzing a  weather distribution map  without  the 
benefit  of previous  knowledge.     In  practical   affairs,   this  situation may  arise 
when  weather distribution   analysis  is not part  of the  station  routine,   but an 
operational  emergency  requires  the   immediate  analysis of the weather by  a man 
comparatively   inexperienced  in  the  neteorology  of  the area.     Confronted  with 
a map  plotted  in  the manner  already  described   in  section  5300,   how  should he 
proceed? 

First,   if he has not already  become   familiar with   the  climatology  of  the 
area,   he  should consult  the best available information on  the  cloud and  wea- 
ther characteristic  of  the  season  and  place.      If the eouatorlal  trough   lies 
near or  across   the   area,   he  should  be on   the  alert   to discover,   in   the   reports, 
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evidenre  of     equatorial   fronts",-   lines  of  cuiiul us-congestus  or  cumulonimbus 
that   simulate   the   cold   fronts of high   latitudes.     If he  Is •orklnp  In  a  trade- 
wind  area,   he  should be prepared,   before starting  the analysis,   to   find  char- 
acteristic distributions and  heights  of cumulus  and  stratocumulus.     In  other 
words,   his  climatological   knowledge  should help him  form  a mental   picture  of 
the  normal   weather  distribution map  of the  region.     If he  finds   radical   depar- 
tures   from   this pattern,   he will   know  that he must  pay particular attention  to 
the   anomalous   features,   making every effort   to  delineate  them  properly on   the 
map. 

With   this  preparation,   he  should   then  examine  the aircraft   reports,   first 
priority  being  given  to  any  reconnaissance data.     If,   as is customary  in some 
repionr,    transient   air-crews  have submitted pictorial   cross-sections  of the 
weather alone  the  air-routes   to  the  station,   these should  also   be  examined at 
this   time.     Particular attention should be  given  to plain-language descriptions 
of  cloud   lines,    "fronts",   cirrus  bands,   alto-systems  and lines  marking abrupt 
changes of  cloud   form,   as  these usually  Indicate  the extent and  orientation  of 
major cloud systems.     The analyst  should outline  these  features  lightly In  lead 
pencil.     If he has   the opportunity of discussing his map  with  an air-crew  that 
is   being  de-briefed   In   the  station,   he   should  never neglect   to   do   so. 

Next,   with  orange and  red  pencils,   he  should outline the areas of middle 
cloud   according  to   the conventions  already described.     At  first,   all   areas of 
middle  cloud  should   be outlined  by  following  the  reports  rather  mechanically 
and making   reasonable  Interpolations   between   reports.     Then,   the  resulting pic- 
ture  should  be  examined  with  an  eye  to  the  reports of cumuliform  clouds.     If 
the  cumuliform  clouds over most  of  the  region  are  small,   cumulus-congestus   and 
cumulonimbus  being absent,   any  alto-cloud   Is  probably Independent.     Some attempt 
should  be  made   to distinguish an organized  shape  to  the system.      Independent 
systems  »ill   usually  be  band-like or  sickle-shaped with   frayed  edges of patchy 
altocumulus.     When  the  independent  alto-systems have been shaped  to  the satis- 
faction of   the  analyst,   he should then shade them according to  the conventions. 

All  middle  cloud  will   not  be Independent.     If orographlc  cumulus or cumulo- 
nimbus  Is  widespread,   fairly large patches of middle cloud may be  reported  in 
their  neighborhood.     However,   these patches  will   be detached  from one another 
and  will   rarely   form   a very extensive  alto-system with  a definite  shape.     If 
reports of  cumuliform  cloud  indicate   that  the middle cloud  In any part  of  the 
region   is  dependent,   the analyst  should  keep  the  area  covered  by his shaded 
drawing of   the  cloud   to  the minimum  compatible with  the  reports  and  the  topo- 
praphy;     at   the  same   time he should  show clearly the connection  between  the 
middle  cloud  and  the   convective  pillars.     In  passing.   It  should  be emphasized 
that,   over  the  open   sea,   lines of cumulus-congestus or cumulonimbus are often 
associated   with  alto-systems  (see Section  5240),   but  this does not necessarily 
mean   that   the middle  cloud  is dependent;     in   the contrary,   the most  likely  sit- 
uation,   during   the  late stages of deepening  of an  upper-level   cyclone,   is   for 
one or more asymptotes of convergence,   with  accompanying cumulus  or cumulonim- 
bus  lines,   to develop  under a pre-existing deep alto-system and  to merge with 
It aloft. 

The next  step  Is  to delineate the upper cloud In  green,   according  to  the 
conventions.     Follow   the  same principles  as  were used  In drawing   the middle 
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cloud.     Usually  there  is  little difficulty   in  distinguishing   between   dependent 
and  Independent  cirrus.     Almost  all   independent   alto-systems   »ill   be  accompa- 
nied  by cirrus  or clrrostratus sheets,   either  separate and at  a much  higher 
level,   or  fused  with   it  in   the areas  of precipitation.     Usually  the  cirrus 
sheets will   cover a wider area than   the a 1 to-system,   and often  cirrus  In  broad 
bands  covers   a   great   area  on   either  side  of   the  alto-system,   the  bands   being 
oriented  parallel   to  the main  axis of  the alto-systeni. 

The delineation  of clrrostratus  sheets  of independent   forpption   can  be  of 
great  assistance   in tracing the genesis  and  development  of an  upper-level   cy- 
clonic system.     At  early  stages in   the  development of such  systems,   very  little 
middle  cloud may  be  present,   and  the  circulation  may be  evident  only   in  the 
layers above 30,000   feet.     On  the  weather distribution  map,   however,   this  early- 
stage of development   is often  accompanied  by  extensive  sheets  of clrrostratus. 
A  series of maps  which  clearly shows  the  development of  the  clrrostratus  sheets 
is  often  the  best  way  to   follow the  gradual   intensification  of  the   system. 

3y the  time he has analyzed  the  distribution   of  the middle  and   high clouds, 
the  forecaster   should have  studied  most  of  the  lower cloud  reports   and  should 
have  formed definite opinions about  their distribution.     Cumulus-congestus   and 
cumulonimbus of orographic  origin,   for   example,   should  be obvious  by  this   time; 
they should be  entered in their correct  positions  by means of  the  rubber  stamps. 
The more  definite   front-like  lines  of  cumulus  and  cumulonimbus,   if any  have  been 
reported as  such  by aircraft,   should  be  clearly indicated next.     At   the same tine, 
other  reports  of cumulonimbus or very  heavy   cumulus,   even  if they  arje  not  oro- 
gfaphic,   should  be examined.     Lo these  clouds  form  part  of a  linear  system   that 
ihas  not   been   identified as  such by  air-crews,   or are they more or  less  evenly 
spread over a  wide  area?     Hemember  that   the   linear orientation   is   frequent, 
but  not  the only  possible  arrangement.     Often,   very extensive  areas  may  be 
covered  by more or  less uniform distributions of cumulonimbus.     Delineate  these 
areas as  sharply  as  possible. 

Next, take the reports of smaller cumulus and enter the proper syitbols. 
These clouds will usually be found more or less evenly distributed over very 
large areas. Note any dependent stratocumul us reported, and extend the ana- 
lysis to any areas of wijespread independent stratocumulns that fall within 
the operational region. Enter all precipitation and special phenomena, such 
as thunder, lightning or hail (the latter usually not reaching the ground). 
The  analysis  should then  be  complete. 

When the analyst has completed all of the procedures described above, he 
will find that he not only has an excellent chart that can be used for brief- 
ings but also has obtained an exceptionally thorough knowledge of the distri- 
bution and   form of clouds  and  weather over  the  area   in  which he  is  interested. 

In  deciding between   linear and  areal   distributions of clouds,   one  very 
important point  must  be kept  in mind.     Middle   and  upper  clouds,   and   the upper 
portions of cumulonimbus  clouds,   can  be  seen  at great  distances  by  aircraft 
flying between   10,000 and 20,000  feet.     They may  be   reported  by  either tran- 
sient or reconnaissance aircraft  long before  they are encountered.     Figure 
5-7   illustrates   the  mistakes  in  analysis  that may  be made  through  neglect  of 
this principle.   The top  portion of the  diagram  shows  the  reports   from   a  recon- 
naissance aircraft.     If the analyst   forgets  that observers on  high-flying air- 
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craft  can   see   such   clouds   fron  a great   distance,   the  result  may  be   the  incorrect 
analysis  shown   in   the middle of the   figure.     If  he considers  this   fact,   however, 
he   should   obtain   the   correct   analysis,    as   shown   in   the  bottom   portion   of  the 
figure. 

CORRECT  ANALYSIS 

Fig.  5-7. Uisinterprefation of cloud Jistribufion  from aircraft  reports. 
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6000. THE CWPELATIW OF HIND AND HEATHER 

6100.  THE PRINCIPLES OF CORRELATION. 

The complete analysis of a synoptic situation is reached when the analyst 
has drawn wind maps for all levels in which he is interested, studied a series 
of tine-sections which link the various levels in the vertical and in time, 
drawn a weather distribution map, and has a clear concept of the manner in 
which all of these graphs are correlated, one with another.  This section deals 
with the various means by which this clarification may be attained. 

All practical synoptic methods used in weather forecasting today are based 
upon two empirical discoveries, both made over a century ago.  The first is 
th?t thick clouds and "bad" weather are associated with one type of atmospheric 
circulation (usually a cyclone); "good'' weather is associated with a different 
type of circulation.  The second is that the same circulation patterns, cyclonic, 
antlcyclonlc, troughs, etc., can be recognized from day to day on synoptic maps 
and that they travel from place to place, carrying their characteristic weather 
with them.  AH modern methods of forecasting are based on refinements of these 
two discoveries and upon a better understanding of the reasons for the corre- 
lations. 

The development of thermodynamics during the last century very soon led 
to the realization that the vast majority of clouds formed as a result of 
vertical motion in the atmosphere.  Upward motion of a stream or mass of air 
leads to adiabatlc cooling, condensation and in some cases, precipitation; 
downward motion produces adiabatlc warming, stability and evaporation of water 
and ice particles. Strictly speaking, then, the observed correlations of wind 
and weather depend upon the correlation of widespread upward motion with one 
type of horizontal circulation, and of widerspread downward motion wlUi another. 
The vertical motions are not observed; however, they can be derived, either 
quantitatively or qualitatively, from well-analyzed horizontal wind maps.  This 
matter is discussed in section 6210.  In principle, therefore, the weather 
distribution can be derived from a complete knowledge of the wind field.  Given 
a set of wind maps for all levels io the troposphere, the tropical analyst, 
with sufficient time, should theoretically be able to infer what the weather 
distribution map should look like, even if be has not analyzed it.  Actually, 
he does not have time to do this quantitatively in the weather station, nor, 
in general, are his observations sufficiently dense to give him the required 
accuracy (<vhich must be great) in the wind analyses.  So, in practice, he 
has to use the weather distribution naps to check his wind analyses and vie« 
versa.  This process is illustrated in section 6300; when properly carried 
out, the forecaster can obtain a complete view of the tropospheric wind 
regime over his area of operation, including a qualitative knowledge of the 
vertical motions.  Then, and only then, is he in a position to attempt to 
forecast changes in this regime.  A successful forecast of the wind field, in- 
cluding the vertical motions, should lead to a successful forecast of the wea- 
ther distribution.  The art of deriving prognostic wind maps from the analysis 
is, therefore, the prime goal of every tropical forecaster; it is the art of 
extrapolatiop, simple or complex.  The skill of the forecaster depends upon his 
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knowledge of  the appropriate   type  of extrapolation to  use  in a given situation. 
Since   the  field of the vertical  component of vorticity   plays  an  important role 
in   formulating  the  prognosis,   it  is  briefly discussed   in section  6220 and 
6400. 

6200.     SECONDARy  FIELDS  DERIVED  PROM THE WIND MAP. 

From a  pressure map,   a  forecaster  in high  latitudes can derive another, 
secondary map,   the map of the  pressure  gradient.     Theoretically,   he could 
compute,   from such an analysis,   a  complete wind speed  analysis»     In practice, 
this   is  never  done;   the gradient  or geostrophic wind scale  is  used directly 
on   the   isobaric map,   then the  wind  speeds are read only where required. 
Nevertheless,   when the  forecaster  uses bis scale,   he  is dealing with a second- 
ary,   derived  field.     The analogy  in wind  field analysis  is more complicated 
since,   in  this   -ase,   he starts with a vector field rather than a  scalar field. 
Note  that,   in  the  isobaric case,   he  carries out a process of differentiation, 
that   is,   he  finds  the rate  of  change of  the pressure  in  a specified direction. 
The  two  secondary  fields derived  from  the wind field are  likewise  obtained 
by  differentiation,   by  finding  the   rates  of change of  wind speed  and direction 
in  certain specified directions.     These  secondary fields are  the   field of 
horizontal  velocity divergence  and  the  field of  the vertical   component of 
vorticity.     Consider the  point P on a wind diagram,   as   in figure  6-1;   at this 
point  there   is a definite wind speed and direction obtainable  by  measurement 

At  P- 

.IOK Speed Divergence - NEGATIVE 
Horizontal Shear - POSITIVE 
Streamline Curvature- NEGATIVE 
Orthogonal Curvature-NEGATIVE 

Fiq, 6-1,    Derivations of the wind field. 

on the wind map.  In addition, the wind speed is changing spatially at a 
definite rate at the point, and so is the wind direction.  At P, we can 
measure the spatial change (whether of wind speed or direction) In two 
convenient directions; (1) along the streamline through P and (2) at right 
angles to the streamline through P.  Pour measurements, in addition to the 
wind speed and direction at the point, can be made at P; they are: 

The rate of change of the wind speed along the streamline, 
called the speed divergence.  If the speed is increasing down- 
stream, this term is positive, if decreasing, negative. 

The rate of change of the wind speed at right angles to the 
streamline, called the horizontal wind shear.  If the wind speed 
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PATTERN 
SIGN AT P   OF 

SPEED 
DIVERGENCE 

lORTHOGONAL CURVATURE 
TIMES     WIND SPEED 
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EACH   TERM 

Table 6-1,    Divergence Combinations. 
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Is   higher  on   the  right   of   the  streamline,   looking  downstream, 
this  term  is   positive,    if   lower.   It  is  negative. 

The   rate  of change   of  wind direction along   the  streamline, 
called   the streamline   curvature.     If  the direction  changes 
counter-clockwise downstream,   this  term  is  positive;   if  It 
changes  clockwise,   it   Is  negative. 

The  rate of change  of wind direction normal   to  thp  stream- 
line,   called the orthogonal   curvature.     An orthogonal   is a  line 
drawn  at   right  angles   to  all   of  the  streamlines   which   it  Inter- 
sects.     If  the   neighboring  wind  directions  diverge  away  from 
the  streamline   through   P,   this   term  is  positive.      If   they  con- 
verge,   it   is negative. 

Clearly,   measurements   of   these   four  quantities   could   be  combined with  one 
another   in many different  ways.      Because   they  are   both  theoretically and  prac- 
tically   the  most   important,   only   two  combinations  of   the   quantities,   called 
respectively   the  horizontal   velocity  divergence  and   the   vertical   component  of 
vortlclty,   need be  considered  by   the  analyst.     Since   no ambiguity can arise 
In   this   text,   these  quantities  will   be  abbreviated   to   the   divergence  and  the 
vortlclty,   respectively. 

6210.     The  Divergence. 

We  define  the divergence  as  follows: 

HorizonfaI  velocity diverqence equals  the speed divergence 
plus  the stream! ine divergence:  the strearrl ine divergence 
being  the product  of  the orthogonal  curvature and  the 
wind speed. 

If  we were  to draw a very  small circle around  the  point P on the wind 
map,-figure 6-1,   this quantity would measure the rate  at which air was  flow- 
ing  horizontally across the   boundary of the  little area around  P;   hence  the 
term divergence.    Negative  divergence   is often called   convergence  by the 
synoptic  meteorologist.     Note   that   the  smaller  the  wind   speed  is  at  the  point 
P,   the   less  is  the magnitude  of  the streamline convergence.     This  illustrates 
the   fallacy  of  the common practice of synopticians of  Judging  the magnitude 
of  the  divergence solely  by   the  angle  between the streamlines   (orthogonal 
curvature).     This can be misleading  in  respect not only  of  magnitude  but also 
of  sign.     The  speed  divergence  is  often  larger than  the streamline divergence 
and  may   be of  opposite sign,   so  that a  portion of the  wind  field,   Judged 
to  be  convergent on  the basis  of   the  streamlines alone,   may  actually be diverg- 
ent.     Table  6-1,   on  the previous  page,   illustrates possible  combinations. 

If   the  divergence  is  measured  at  many  points  on   the  wind  map and  the  re- 
sulting distribution  plotted on a separate map,   a scalar analysis of the di- 
vergence  can  be made.     There   is  rarely  time  for this   in  the  weather station. 
However,   spot  measurements  can  easily  be made on the  wind  map,   and  large posi- 
tive  and   negative areas  can   often   be  discovered  simply   by   inspection.     To 
compute   the  divergence  quickly  at   selected  points,   the   only  apparatus  needed 
is  a   transparent  plastic curvature  scale ruled with a  set  of concentric arcs. 
Thu   arcs   should   be   labeled,   each   with  a  number  obtained   by   dividing  the   radius 

134 



6210. 

of  the arc,   in degrees of latitude,   in  terms of  the  scale  of  the  map being 
used,   into  1.     Proceed as  follows: 

(1) Measure along  the streamline 
through  the  point P  a  distance   of  1° 
latitude upstream and   1°   latitude down- 
stream,   as  in   figure   6-2.     Mark   the  points 
P'   and  P",   respectively. 

(2) Algebraically  subtract  the wind 
speed   (knots)   at P'from  that at  P"and  divide 
the difference   by 2   to obtain  the speed 
divergence.     Remember  the  sign convention. 

(3) At  P,   carefully   fit  an  arc on 
the curvature  scale  so  that  it  cuts the 
streamline  that  goes   through H,   as »ell   as 
the  streamlines  on  either  side,   at right 
angles.     Read   off  the   valu.«  on  that arc. 
Keirember the  sign convention. 

(4) Multiply  this  value  by  the wind 
speed  at P.     This  gives   the  streamline 
divergence. 

(5) Add   the result   of   (2)   to that  of 
(4),   having regard  for  the   signs  of the 

The  result   is  the  divergence  in  "practical   units",   actually 

I-id.   '.)■ Technique for me as 
uring Horizontal 
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Fig. 6-3.    Divergence conversion chart. 

In theoretical work, the divergence is usually expressed in terms of 
'per second".  Such units are unwieldy for the practical forecaster, who is 
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primarily  interested  only   in   the sign  and  the  relative  strength of  the 
divergence.     Figure  6-3   shows   the divergence   in  terms   of the  practical   units 
and,    tor  those  who   desire   to  make  comparisons   or   compute   vertical   motions, 
i•   terms ot   'per second".     It  also shows  the  qualitative  application  of  the 

rms     weak",   "moderate",   "strong",   and   "very   strong"   divergence  in   tropical 
meteorology.     The   forecaster  is  warned  that   these   qualitative  terms,   weak, 
etc.,   may  not   be  applicable  to  the same  quantitative  values  of  the  divergence 
in  higher  latitudes. 

UPPER    ANA,vs,s    SURFACE 

ig.   •'>-4.     Example  of convergence 
into a cyl inder. 

The  synoptic  significance  of the 
divergence   is  greatest  in  the   lower 
layers.     As   already  mentioned,   it 
gives  a  measure of the  rate  of  hori- 
zontal   inflow  or  outflow  across   a 
small   boundary drawn around  the   point 
of  reference.     If we  now  choose   two 
maps,   one  above  the  other  and  very 
close  together,   and draw  the  same 
circle  around  the  point P on  the   low- 
er  map and  around  the  point  Q ver- 
tically  above   it on  the  upper  map, 
we  may  consider a small   cylinder    with 
vertical   sides cutting  the  wind  maps 
at   these  circles.     The mean divergence 
of   this   cylinder    will  be  one-half  the 
sum  of   the  divergences at.  P and  Q. 
Suppose   this mean  is negative,   i.e., 

there  is,   in  the mean,   convergence  into the  tiny  volume  V,   as shown  in  figure 
6-4.     Then  it   is clear   that  either  the density  must   increase   inside  V,   or 
air must  flow  out  through   the  circles  at  P and  Q,   or  both these  processes   must 
occur.     The great advantage of  using divergence   in  the   tropics  is that,   in 
these   regions,   density  changes  are  known  to  be   very  small and  to  take  place 
slowly.     Therefore,   from   the  synopticians viewpoint,   convergence  into the 
cylinder    V means  outflow   through the  circles   at  P  or Q,   or  both.     If  the 
little   cylinder   is   chosen  so that  its  base  rests  on  the   level sea surface 
or on   flat  grou.u,   there  cannot  be outflow at  P  but  only  at  Q.     In such a  case, 
convergence   into V means   upward  motion  through  the  circle at Q;   divergence 
out  of  V would  mean  downward motion  through  the  circle  at Q. 

If  we wished  to  make  a computation of vertical  motion at some  fairly   high 
level,   we would have   to  start  with a  little   cylinder    resting on the  ground, 
compute  the  vertical   motion  through  its  upper  surface,   then compute again   for 
a  similar cylinder  placed  on  top of the   first,   and   so on  up to the desired   lev- 
el.     An  illustration  of  this  technique   is given on   the  next  page  in  figure 
6-5.     Notice  that,   in   the  case  of  the  upper    cylinders,   it   is  the net  outflow 
or  inflow  (the  difference   in vertical  motion  at  the   top and  bottom)   that   is 
derivable  from  the divergence.     This  fact sometimes helps  the  forecaster  to 
mak»  an estimate  of   the  sign of   the vertical  motion  from a single map at  high 
levels.     As  a  general   rule,   in   the upper  tropical   troposphere,   downward  motions 
are widesp.   ad   but  of  small  magnitude;   upward  motions  are more restricted   in 
area  but  are  comparatively   large.     If a  restricted   region of strong convergence 
is   tound on an  upper   tropospheric map,   therefore,   we   know  that  the  net  motion 
in   the  vicinity   Is  up.Hrds,   since strong downward  motions are  unlikely.     The 
converse  inference  cannot   be  made;   we  cannot   infer  from  the existence  of 
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Fig.  6-5.     The cylinder  technique  for computing vertical motions. 

strong divergence that  there will   be downward motion  near the analysis level. 
Note,   for example,   the distribution of flow through  the cylinder between 
analysis   levels 3 and  4   In  figure  6-5. 

In practice,   the divergence at a point on  the  1,500 or 2,000 foot wind 
map  Is a reasonable approximation  to the. mean  Inflow  or outflow across the 
walls of a narrow cylinder with Its base on the  ground and  Its  top at 3,000 
feet.     In general,  a qualitative estimate of these motions correlates excel- 
lently with the weather distribution chart.     Some examples are  given  in 
section 6300. 

6220.     The Field of Vortlcity. 

Vortlclty  in a fluid or  a gas,   such as  the atmosphere,   is  similar  to 
the   rotation of a solid  body.     We  define the vertical  component  of the 
vortlclty as  follows: 

The vertical component of vorticity equals the wind shear 
plus the product of the streamlme curvature and the wind 
speed. 

The procedure for computing the vortlcity   is as   follows; 

(1)     Draw a  line   (either  real  or imaginary)   through  the 
point  P and at right angles   (normal)  to the streamline  that 
passes  through P.     (Until   the analyst becomes accustomed  to 
Interpolating streamlines  by eye,   it may be necessary  for him 
actually  to draw a streamline   that will pass through  that 
point. )    Along this  line,   to  the  left looking downstream, 
measure a distance  of  1°  of latitude from  the point P and  label 
that point P'.     Similarly,   measure  1° of latitude  to the  right 
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Fig. 6-6. Technique for ~•s
uring horizont•l 

and label that point p• (Pil• 8·6). 

(2) Allebraically subtract tbe wind speed 
(in knots) at P' fro• that at p• .and divide the 
difference D7 2 to obtain tbe horizontal wind 
abear. Re•e•ber tbe si1n convention. 

(3) Carefully fit an arc of tbe trJns
parent curvature scale over tbe strea•line 
that passes tbrou1h P so that tbe arc and 
the strea•line bave the same ~urvature. 
Read off the value on tbat arc. Re•e•ber 
the si1n convention. 

(f) Multiply the arc value, obtained fro• 
(3) above, by tbe wind speed at the point P. 

(5) Add the results of (2) and (f), above, 
bavin1 re1ard for tbe ai1ns of tbe quantities. "i nd she•r. 

cal units• described in 
Tbe result is tbe vorticity in lbe aa•e •practi

sect1on 6210. 

These co•putations are •oat i•portant in pro1nosis and continuity, rather 
than analysis. Therefore, they are discussed in section 6f00. 

6300. CORRELATION OF WIND AND IEATHIR DISTRIBUTION MAPS. 

Tbe followinl exa•plea are chosen fro• analyses of tbe weather in the 
Marshall Islands. Each exa•ple illustrates analytic principles applicable to 
that re11on. Tbe principles are not to be taken as 1enerall7 valid throu1b• 
out tbe tropics, altbou1b so•e of the• •a1 well be of wide application. They 
are described here to abow tbe type of 1enerallzation that can be developed 
by experience in tbe correlation of wind and weather •aps. Tbe forecaster, 
for his own benefit within his area of operation, should constantly seek to 
develop such anal7tic principles and abould record tboae that be finds reliable 
in his notebook. 

6310. Exa•ple One: Northern Marshall Islands; 0000, G.C.T., 1f February 195f. 

Firat AnalJtic Principle. In re1lona of •oderate to atron1 dlver1ence at 
2.000 feet, tbe predo•lnant cloud la usually cu•ulus bu•111s wltb leas than 
4/8tbs covera1e. 

Discussion. The application of tbla principle is illustrated by re11on 
A on fl1ure 8-1. Tbe aircraft reports indicate ••all a•ounta of cu•ulus about 
1.000 feet thick and tbe strea•line •aP for 2.000 feet (Pil• 8•8) abowa tbe 
presence of an aay•ptote of diver1ence in tbia vicinity. Tbe win( speeds 
have •eak 1radienta and tbe total diver1ence la •oderate; in tbe vertical tbe 
•ind direction does not alter •ucb over tbe first 10,000 feet (see Pl1. 8•9) 
but tbe speed decreases fro• 25 knots at 2,000 feet to about 5 knots 10,000 
fe~t. However. exa•ination of tl•e-sectlona for lon1erlk, lake and Enlwetok 
(or analysis at 1nter•ed1ate levels) sbows tbat tbla sbear la not evenl7 dis• 
tributed with bei1bt; tbe wind speeds re•aln approxl•ately 20 knots in re11on 
A up to 1.000 feet. tben rapidly decrease to about 5 knots. Tbla point is 

138 



HM 

6310. 

WU 
les^E 

ISO» 

Fig.  6-7.    Heather distribution analysis.  Marshall   Islands area.  0000 G.C.T.. 
14 February 1954. 
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Fig.  6-8.     2,000   foot streaml ine-isotach analysis,  Marshall   Islands area, 
0000 G.C.T.,   14 February  1954. 
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Fig'  6'9"     MM0  f00f sfre™l>"e-isofach analysis.   Marshall   Islands  area 
OOOO G.C.T..   14 February  1954. '   ' 
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Fig    b-10.    30,000 foot  streaml ine-isofach analysis,  Marshall  Islands area, 
0000 O.C.T.,   14 February  1954. 
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important In the application of the next principle.  Note thet small amounts 
of cumulus occasionally break through to the 7,000 foot level (see the air- 
craft report on the 15th parallel Fig. 6-7). 

SecoPcLAnalytic Principle.  When great vertical shear accorapanieö moderate 
divergence, the cumulus humilis (or cumulus ir.edlocris) will be dra^n out ana 
sheared off.  The cumulus »ill be accompanied by 4/8th or more of depondent 
stratocumulus, and the amount of cloud as seen from an aircraft wili increase, 
owing to the lean of the cumuli. 

Diacusaion.  This is illustrated by the weather distribution in region 
a of figure 6-7.  Here as figures 6-8 and 6-* shovs the wind not rr.ly changes 
speed between 2,000 feet and 10,000 feet bun there is a narked change in 
direction associated with the presence of an anticyclone at 10,000 feet. Note 
the variation in interpretation of the sky made by the weather observer in 
the aircraft; he classifies the sky first as containing 8/8ths of stratocumulus 
and cumulus and finally 5/8ths of stratus.  Amounts of cloud reported are 
greater than in region A, though the divergence probably is not much less at 
2,000 feet in region B.  On the weather distribution map (tig,  b-'i)  the vary- 
ing reports of sky cover in region B are interpreted in the same way, namely 
as broken stratocumulus blown from the tops of cuuiuli. 

Third Analytic Principle.  North of the trade wind maximum, in the 
Northern Hemisphere, the vertical shear in the wind in the lower layers is 
usually very great and the trade wind inversion low.  The predominant cloud 
is, in the great majority of cases, stratocumulus.  The clouds will exist 
in broken patches if the 2,000 foot wind pattern is divergent; even with weak 
to moderate convergence at this level, very little cumulus forms - the result 
is usually an increase in the amount of stratocumulus, up to 8/8ths sometimes 
being encountered west and south of the subtropical anticyclonlc centers. 

Discussion. In region C, .large amounts of stratocumulus, approximately 
2,000 feet thick, are reported by both the aircraft and the ship (Pig. 6-7). 
There is very weak, if any, convergence at 2,000 feet; at 10,000 feet there 
is marked divergence and the vertical shear between 2,000 and 10,000 feet is 
extreme. 

Fourth Analytic Principle.  When there is little vertical shear in the 
lower layers and the 2,000 foot map shows weak to moderate convergence south 
of the trade vind maximum, expect deeper cumulus; the cloud amount will also 
increase ove" that expected in divergent flow, but not to a very marked ex- 
tent.  Even with very strong convergence the cumuliforir, cloud will show many 
breaks, the general effect of Increased convergence being to increase the 
depth of the convectlve cloud. 

Discussion.  In region D of figure 6-7, there is very little shear, the 
wind at 10,000 feet having almost the same direction and speed as that at 
2,000 feet.  There is weak convergence at 2,000 feet, very weak divergence 
at 10,000 feet.  Cumulus up to 15,000 feet are reported.  No showers have 
been reported in this area, but much further downstream (beyond the map 
limit), where the convergence at lower levels Increases, widespread showers 
occur.  It is probable that very light cumulus showers occur in region D 
but are not reported. 
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Fifth Analytic Principle.  There is a marlted tendency for small amounts 
(2-4/8ths) of both altocumulus, or altocumulus - altostratus, and cirriform 
clouds to lie Just east of the axis of a weak trough in the upper westerlies 
provided the latter is a moving, high-latitude trough, not a stationary, 
major trough associated with a developing upper level cyclone. 

Discussion.  South of 15° N., particularly in region E, figure 6-7, the 
edge of the area within which small amounts of middle and upper cloud are 
reported runs very close to the axis of a weak, high-latitude trough which 
at this time ^s moving toward the Hawaiian Islands.  The structure of the 
trough at 30,000 feet is shown on figure 6-10. 

Sixth Analytic Principle.  The Jet stream sometimes extends Into relative- 
ly low latitudes by "meandering" southward near the axis of a high latitude 
trough at 30,000 and 40,000 feet.  When this occurs, the region of strong 
lateral shear on the south side of the west-wind maximum is often marked by 
small amount? of altocumulus and cirrus.  So far as is yet known, middle and 
high overcasts are not formed in such regions. 

Discussion.  The broken middle and upper clouds associated with the 
weak trough at 30,000 feet extend westward from the trough axis north of 170N. 
The 30,000 foot analysis (Fig. 6-10) shows the edge of a strong westerly 
.l?t to the north.  The wind speed is particularly strong for the tropics be- 
tween regions A and C.  Note that this "Jet cloud" consists mainly of cirrus. 

General Remarks on the Situation:  The synoptic picture in this area 
on 14 February 1954 is one of the simplest that one is likely to encounter 
in low latitudes. A high latitude meteorologist would probably classify it 
broadly as trade wind weather.  The example emphasizes the fact that there 
are marked variations in clouds from place to place in the trade wind zone, 
variations that can be understood by considering not only the stability and 
vertical motion but also the vertical shear in the trade winds and the synoptic 
situation above 20,000 feet. 

6320. Example Two; Marshall Islands at 0000, G.C.T., 6 April 1954. 

Seventh Analytic Principle. An asymptote of convergence in the low-level 
streamline field will, if it coincides with a relative minimum in the speed 
field, be accompanied by a line of large cumulus-congestus or cumulonimbus. 
The system will resemble a cold front of high latitudes Insofar as the weather 
and wind changes in its neighborhood are concerned, but in oceanic regions 
at least, no significant air mass differences across the boundary can be 
detected. 

Discussion.  The weather distribution map (Fig. 6-11) shows a well-marked 
line of cumulonimbus lying across the southern Marshall Islands.  Its position 
and structure are fixed by the weather reports from the reconnaissance air- 
craft with as much precision as can be expected in-oceanic regions.  Note 
that its presence is revealed by three aircraft, working Independently.  The 
streamlines at 1,500 feet (Fig. 6-12) show that the cloud line coincides with 
an asymptote of convergence and that the isotachs run in such a way as to 
reinforce the convergence in the streamlines.  The convergence of the speed 
field reaches relatively large values at 5° N., 170° E., and there are many 
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Fig.  6-12.     1500  foot streamline-itotach analysis,  Uarshall   Islands area. 
0000 G.C.T..  6 April   1954. 
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KWAJALEIN    MI 
6  APRIL  1954 
0300 2 

KUSAIE   MI 
6   APRIL   1954 
0300 2 

MB HEIGHT TEMP MB HEIGHT TEMP 

1008 282 1005 275 
1000 240 275 1000 160 272 

954 235 

850 4920 19.2 850 4830 212 
820 20.5 
793 172 

700 10320 9 8 700 10250 10.5 
612 4 5 
526 -35 541 -2.5 
500 19270 -4.2 500 19180 -62 
400 24930 -14.8 400 24800 -188 
300 31850 -30.2 300 31700 -30.8 
260 -385 268 -368 
200 40Ö50 -525 200 40710 -52.6 
150 46770 -648 150 46630 -650 

141 -670 
100 54660 -760 
87 -800 
62 -650 
50 68110 -632 

Table 6-2,   (Left)  upper air 
soundings   for Kwajalem 
and Kusaie,   b  April   1954. 

Table 6-3.   (Right)  upper 
soundings  for Wake,  5-6 
April   1954. 

air 

WAKE 
5  APRIL   1954 

2100 2 

WAKE 
6   APRIL  1954 
2100 2 

MB HEIGHT TEMP MB HEIGHT TEMP 
1011 24 8 1013 265 
1000 330 238 1000 390 252 
850 4930 152 850 500C 152 
839 14.5 819 13.5 

816 108 
801 92 708 7 5 

700 10220 5 2 700 10340 7 2 

638 -02 
573 -35 595 02 
556 -52 580 0 2 
500 19010 -92 500 19180 -88 
476 -112 459 -13.8 
427 -16 2 
400 24570 -19.2 400 -17.5 
363 -23 2 
300 31700 -36 8 300 31570 -33.2 

296 -33 5 
269 -392 

200 40190 -560 200 40540 -522 
150 46030 -675 ISO 46440 -660 

125 -718 
105 -740 

100 53830 -78 0 100 54300 -700 
94 -800 75 -790 

64 -720 
55 -690 

50 67140 -66 0 50 -63 8 
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saowers outside the "frontal" area near A.  In the frontal system of tropical 
forecasting, the cloud line in the southern Marshalls »«uld be described as 
a typical "equatorial front" or "intertroplcal front".  The soundings at 
Kwajalein and Kusaie at 0300 G.C.T., which would be. on any frontal interpreta- 
tion, in the Northern Hemisphere and Southern Hemisphere air masses, respec- 
tively, have been tabulated in Table 6-2.  The temperature differences between 
the soundings are the maximum to be anticipated in this type of situation in 
oceanic areas.  At most they amount to 3° C. 

Eighth Analytic Principle. Old polar fronts sometimes penetrate into 
the tropics. They rarely reach 15° N. or S. in oceanic regions. Such a 
remnant is often detectable as a line of towering cumulus, and this line be- 
tween the old air nasses also marks a change in cloud forms.  The old front 
may, in these cases, appear on the lowest streamline map as an asymptote of 
convergence running E-W or NE-SW from the neutral point between two middle 
latitude anticyclones.  In most cases, the temperature differences between the 
old air masses are negligible, even though the cloud line may persist for 
some time after the air mass contrasts have disappeared from the soundings. 

Discussion.  Conventional, surface-pressure analysis shows that the 
asymptote of streamline convergence marked B on figure 6-12 is continuous 
with a cold front that runs from the neutral point at Wake to a frontal wave 
centered at 38° N., 178° E.  The weather distribution map derived from the 
reconnaissance reports clearly shows the corresponding clouds (Pig. 6-11). 
Two aircraft report its position independently and an excellent description 
of its structure is given by one of them.  Note that the tops of the cumuli 
reach to 25,000 feet, which is barely high enough to produce cumulonimbi in 
these latitudes; in fact, no cumulonimbi are reported in the area.  Passage 
of the line at Wake produced only a few showers.  The extent of the air mass 
changes associated with the "frontal passage" may be Judged from Table 6*3 
on which are shown the soundings for Wake at 2100 Q.CT., 5 April, when the 
"front" lay north of Wake und at 2100 G.C.T., 6 April, when, as the wind 
shifts show, it lay south of the station.  It will be noted that temperatures 
actually rose slightly over a considerable depth of the atmosphere, after 
the 'polar air" moved in, - a not uncommon effect. 

General Remarks on the Situation:  The analyst is likely to find the 
"equatorial front" well developed in situations like this. An equatorial 
wave is passing over the southern Marshalls from east to west.  At the same 
time a trough in the westerlies, associated with a frontal system, is mov- 
ing from west to east in middle and high latitudes.  The combination of these 
two systems gives rise to the rather unusual configuration of the trade wind 
zone over the northern Marshalls. Note the strong asymptote of divergence 
in that area (Pig. 6-12), a feature that is often present in this type of 
situation and which serves to separate the high and low latitude perturbations 
during their independent movement in opposite directions. Note also that 
heavy cloud and precipitation are found not only behind but also ahead of the 
positive axis of the equatorial wave, a feature in which this system differs 
from the "easterly wave" of the Caribbean. 

6330. Example Three. The Marshall &  Caroline Islands at 0000 G.C.T., 
13 April 1954. 

Ninth Analytic Principle.  An asymptote of convergence in the lower stream- 
line tield is not necessarily accompanied by a cloud line.  The speed distribution 
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in the neighborhood of the asymptote must always be closely examined and ana- 
lyzed in as much detail as the observations permit.  If strong speed diverg- 
ence occurs along part of the line, there may be very little heavy cloud or 
precipitation accompanying it; further, bad weather may be found at same dis- 
tance from the line, where speed convergence predominates. 

Discussion.  Figure 6-14 shows the 1500 foot streamlines and isotachs at 
approximately 0000 G.C.T.. 13 April 1954.  At first sight, the analyst 
might suppose that the asymptote of streamline convergence that lies across 
the southern Marshalls is entirely similar to that discussed in the previous 
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Fig. ti-14.     1500 foot streaml ine-isofach ana lysis,  Uarshall  Islands area 
0000 6.CT..   13 April  1954. 

exaaple and displayed on figure 6*12.  Under the frontal system of tropical 
analysis, Indeed, both structures would be regarded as  ./leal "Intertroplcal 
fronts'. Closer Inspection of the figures reveals, however, that the dis- 
tribution of the Isotachs along and near the convergent aeyoptotes is very 
different in the t«o cases.  Pron the east, up to point A on figure 6-13 it 
is true, the speed field reinforces the convergence of the streaalines, but 
froi A to B there is strong speed divergence; there are sufficient reports 
to show that the speed naxlBua at B overlaps the asymptote, and that the 
speed ■iniaua lies soie distance south of the line.  Turning no« to the weather 
distribution aap analyzed on figure 6-13, we see that cunulonlmbi run from 
the east-southeast up to A, and beyond this point no definite cumulus line 
can be drawn, at least up to B,  In the regions east-southeast of A such as 
those points labeled D, cumulonimbus Is widespread. This can be correlated 
»1th the widespread strong convergence in the lower streamline and speed 
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tields in those regions.  Notice also that the region F, which is an area of 
converaence into the speed minimum south of the asymptote, la characterized 
oy continuous rain from altostratus-altocumulus sheets rather than by showery 
euniulus or cumulonimbus precipitation. 

Before proceeding to the next principle, a short digression illustrating 
the care that must be taken in evaluating reconnaissance reports is in order. 
A series of aircraft reports straddles the asymptote of convergence in the 
east, crossing the line between A and D.  Most of these reports mention 
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Fig.   '1-15.     Zu. 000  foot  sfreaml ine-isofach analysis.   Marshall   Islands  ar^a 
Ouuu G.C. J..   13 Apr 11   1954. '   ' 
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heavy cumulonimbus, turbulence and heavy showers - except one, which lies 
exactly on the asymptote.  Here 5/8ths of stratocuraulus are reported.  Under 
the older systems of reporting weather on the reconnaissance flights, an 
analyst receiving this report in the weather station would become suspicious 
either of the weather observer or of his own streamline analysis.  Note, 
however, that under the new system of reporting, the observer is able to 
show that while at the point of observation the predominant cloud is strato- 
cumulus, he is surrounded by cumulonimbus "in all quadrants".  Evidently 
we have at this position one of the "plates" of stratocumulus which are fre- 
quently found in areas of widespread showers; they seem to develop during 
the rain-out of a group of heavy cumulus or cumulonimbi - these plates have 
been discussed earlier (section 5250). 

Tenth Analytic Principle.  In a case where a speed minlraum lies across 
or away from an asymptote instead of along it, at 1500 feet, the speed .minimum 
is usually a reflection of more active convergence aloft between the 10,000 and 
30,000 foot layers.  In such cases, the precipitation will be In the form of 
steady rain from altostratus-nimbostratus or altostratus-altocumulus sheets (an 
alto-s-'stem) depending on the intensity of the upper convergence. 

Uiscusslon.  This point is illustrate».' by the regions C on figure 6-13. 
At 1500 feet north and east of this area, (r gion P), there is weak speed con- 
vergence into the speed minimum.  This, however, is not the synoptic entity most 
strongly correlated with the weather.  The 20,000 foot field of notion, shown 
on figure 6-15 is much better correlated with the middle and upper cloud and 
»ith the precipitation from the former  An i.jymptote of convergence at 20,000ft. 
lies aüove tne regions C and there is strong speed convergence to the north. 
Ihis asymptote is not an "equatorial front".  Rather it Is part of a wave sys- 
tero belonging to the upper tropical troposphere.  Note that the whole of the 
Kii.ldle and high cloud system follows the convergence patterns at 20,000 
feet rather well in this example; note particularly that a secondary area of 
"dad" weather is associated around E with an upper level cyclone. 

6400.  CONTINUm AMD THE VOKTICm FIELD, 

The fact that "good" and "bad" weather are associated with different 
circulation patterns, mentioned as an empirical discovery of last century In 
section 6100, has been refined in sections 6200 and 6300.  The second empirical 
discovery of last century, that the circulation patterns have some degree of 
persistence, and are recognizable from day to day as moving systems on synoptic 
maps, requires similar refinement.  The former refinement depends upon an 
understanding of the relationship of the divergence field to the weather; the 
latter depends upon an understanding of the relationship of the vortlcity 
field to continuity. 

The use of the vague term "circulation pattern", carries with It Impli- 
cations that rotatory motions are somehow involved in the synoptic entitles 
which the meteorologist traces on his maps.  The best, though not the only 
measure of the sense and magnitude of the rotation of individual fluid parti- 
cles is the vertical component of vortlcity.  If we compute the vortlcity 
field from a wind map by methods similai- to those already described, we will 
obtain a pattern of lines showing maxima (positive) and minima (negative) of 
the values of the vertical component of vortlcity.  On such maps, persistent 
broad regions in which the vortlcity attains maximum and minimum values are 
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easily recognizable; furthermore these maxima and minima, in most cases, 
correspond to recognizable synoptic features on the wind map, such as 
cyclones, anticyclones, troughs and wedges.  Usually a maximum of vorti- 
city will correspond to a cyclone or trough in the Northern Hemisphere, and 
a minimum to an anticyclone or ridge.  Intensification of a cyclone (in the 
Northern Hemisphere) will be accompanied by a rise in the maximum value 
of the positive vorticlty associated with it.  Similarly, in middle latitudes 
the cuilding up of a high pressure area is frequently accompanied by an 
increase in a.Uicyclonic vorticity in the lower layers of the atmosphere over 
the sane region.  It follows that the forecaster using such models as cyclones 
anticyclones, troughs, ridges and cols can check his qualitative impressions 
quantitatively by means of spot computations of the vorticity. Even in 
high latitudes the value of such spot checks if made, not on contour or 
pressure maps but on wind maps, may be very great.  For example, if a meteor- 
ologist suspects that a frontal wave Is developing in a certain region, the 
fact that cyclonic vorticity is increasing in this region can oe rapidly check- 
ed by a few spot computations on a wind map covering the suspect area.  In 
tropical meteorology vorticity computations help not only in checking the rate 
of intensification or damping of cyclonic and anticyclonic systems but also 
in establishing the continuity of individual systems from level to level. 
In figure 6-16 and Sil7 for example, two streamline maps are shown.  The map 
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Fig. C-16.    Cyclone at 20.000 feet. 
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Fig.  6-/7. Trough at 30.000 feet. 

at 20,000 feet shows a well developed cyclone with an easily Identifiable 
singular point; the nap at 30,000 feet shows that an open "trough" is located 
above this cyclone.  Superficially it might be thought that the system is 
more intense at 20,000 feet than at 30,000; computation at several points shows, 
however, that the vorticity at 30,000 feet in the system is twice to three 
times as great as at corresponding points on the 20,000 foot analysis.  The 
system must therefore be regarded as one which increases in intensity aloft. 
Here the vorticity computation overcomes the natural tendency to be impressed 
by a cyclonic singular point; this tendency exists also in dealing with con- 
tour maps where one is inclined to believe that a closed low is always more 
intense than a trough.  In fact, in the middle and upper atmosphere the vorti- 
city along a trough axis is often many times greater than that of a cyclone in 
the lower layers.  The vorticity computations may also act as a check on the 
common impression that, when the singularity in a cyclone disappears at a given 
level, the system is losing intensity.  In general this is true in middle and 
high latitudes; however. In the tropics, upper level systems containing cyclonic 
singularities will often lose these singularities as the system moves into the 
region of the Jet stream.  The inexperienced analyst nay get the impression 
under such circumstances that the upper level cyclonic system has vanished. 
Vorticity computations, however, will show that the maximum of cyclonic vorti- 
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city still exists and is travelling as an entity toward the north.  On the 
*ind map it may appear only as a "divided Jet" in middle latitudes. The vorti- 
city traximum, however, can be traced.from day to day without change in intensi- 
ty or even, in some cases, with an increase in intensity in the period during 
which the cyclonic singularity is disappearing.  Continuity both in space and 
tine, then, is best maintained by considering the underlying vorticity field; 
this field has a greater degree of permanence, at least in pattern, than have 
the various synoptic models used on the streamline maps and described in section 
-»J00. 

There are good theoretical reasons for maintaining that the vorticity 
pattern has a greater degree of permanence than the synoptic entities used in 
tropical meteorology (on streamline maps) or in high latitude synoptic work 
(on contour maps).  There are also good reasons for connecting the divergence 
and vc-ticity fields.  At present theoretical work on vorticity, leading to 
simplified mathematical expressions suitable for calculations on electronic 
computors, is being actively pursued and it is hoped by these means to issue 
computed forecasts of changes in height of certain pressure surfaces.  These 
invüstigations have hardly reached the stage where they influence the work of 
the ordinary weather station.  Nevertheless, the forecaster who can construct 
?,ooii  wind analyses may make qualitative use of many of the concepts used in 
this work. 

1 

155 



700Ü. - 7110. 

7000.     TROPICAL CYCLONES 

The term, "Tropical Cyclone", is usually defined as a cyclonic storm ot 
great intensity that originates in the tropics over the oceans.  In this text, 
however, the term is used to refer to cyclones of any intensity, which exist 
near the surface of the earth, over the tropical oceans.  In conformity with 
current regulations of the United States weather services the teitns "Typhoon" 
and "Hurricane" are reserved for storms having maximum surface winds of 64 
knots or greater  The term "Tropical Storm" is reserved for storirs having 
maxinium surface winds of 34 through 63 knots; tropical cyclones of lesser in- 
tensity are called "Tropical Depressions". 

There are many regional names which have been applied to the tr.ore intensp 
varieties of these cyclones.  For example,  in the West Indies and the Caribbean 
they are called hurricanes, in the North Pacific, typhoons; the name "Baguio" 
appllOis in the Philippines: "tl Cordonazo de San Francisco" (The Lash of St. 
l<'runcis)is the name used along the west coast of Mexico, and the name "Willi 
Willi" is applied to the intense tropical cyclones over the Indian Ocean to 
ifi  west of Australia. 

While soB^e of these names are more descriptive than others, none of them 
convey an adequate picture of the winds, seas and floods created by these cy- 
clones.  In dealing with tropical cyclones, a meteorologist frequently finds 
tnnself issuing forecasts which have a great significance in terms of human 
lives and property. 

As the name implies, the low-level winds in tropical cyclones always blow 
cyclonically around the center, i.e., clockwise in the Southern hemisphere and 
counterclockwise in the Northern Hemisphere. This may seem elementary, but it 
is a point often confusing to the forecaster extending his analysis across the 
equator tor the first time. 

The forecaster is most seriously concerned with the most intense variety 
of tropical cyclones i e., those classed as Hurricanes or Typhoons.  These 
are characterized by extremely strong and gusty surface winds, (frequently over 
lOU knots), heavy squally rain and a relatively calm area near the center, 
known us the "Eye". 

7100.  LIFE CyOLE OF TROPICAL CKJLONES. 

McDonald (1942) and Dunn (1944) divided the life cycle of tropical cyclones 
into four stages.  We have followed this precedent, with certain moJifications. 
Of course, there are no clear demarcations between the stages descriöed. 

7110.  The Incipient or Formative Stage. 

This stage begins when the vortex-neutral-point pair first appears in the 
low-level wind field. In the case of cyclones which are destined to intensify 
into tropical storms, current knowledge would indicate that this formation 
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always occurs over the ocean and is the product of a normal wave to vortex 
transition (section 4344).  This development most frequently occurs in areas 
of relatively flat pressure gradient and light wind.  In the incipient stage, 
it may be impossible to detect the cyclone as a low pressure center, and only 
the winds below 10,000 feet may be affected.  The vast majority of these 
vortices either disappear within the tropics or pass into high latitudes with- 
out significant development.  Those vortices which eventually do develop into 
tropical storms nay remain in the incipient stage for several days, a week, 
or longer. 

One of the first indications that a vortex has formed in the easterlies is 
the appearance of a west wind at low latitudes in an area where easterlies 
normally prevail.  When wind observations from the equatorward side of the vortex 
are not available, it may be impossible to determine when the transition takes 
place, and the system may still be identified only as a wave in the easterlies 
long after the vorte* has formed. 

At first the wind speeds in the cyclone are not significantly different from 
those in the surrounding area.  Often, there is a large area of very light and 
variable winds around the center.  If there is continued development, the wind 
speeds increase to 30 knots or more within a narrow ring surrounding the center. 
The diameter of this ring may vary from several hundred miles, in very large, 
immature cyclones, to 60 miles or less in small intense cyclones. 

7120.  The Intensification or Immature Stage. 

This is the period during which the cyclone undergoes the major part of 
its intensification from an incipient vortex to a tropical storm or typhoon 
(hurricane).  The intensification may take place gradually over a period of 
several days, or it may occur almost explosively within a 24-hour period. 
During this stage, the cyclone becomes clearly evident in the pressure field. 
The cyclonic circulation extends both horizontally and vertically. 

The maximum speed ring becomes more clearly defined in the isotachs and 
gradually decreases in diameter.  In the larger cyclones this ring may contract 
from a diameter of several hundred miles to 60 nautical miles or less, during 
the deepening stage. As the storm intensifies, isotachs for progressively 
higher speeds appear within the maximum speed ring, and, since the speeds with- 
in the eye remain relatively light, a rapid steepening of the isotach gradient 
appears on the inner side of the maximum speed ring.  At the same time, the 
area covered by winds above 25  knots, beyond the maximum speed ring, slowly 
expands. 

During the deepening stage well-defined asymptotes, spiraling inward toward 
the center, appear in the streamlines.  The "eye" usually develops at this stage, 
and the effect of the cyclone on clouds and weather becomes clearly evident. 
Cuir-ulus clouds continue increasing in amount and vertical extent and become ar- 
ranged in bands along the asymptotes, merging into a solid mass which rings the 
"eye" (see "Typhoon cloud" in section 5260). Multiple-layer middle and high 
clouds increase in amount, often merging with the cumuli.  Showers and squalls 
increase with the cumulus development, and rain becomes widespread near the 
center. 
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7130.  The Mature Stage. 

This stage may be defined as the period duri 
or near its maximum intensity.  There is a great 
ity in this stage.  Some storms reach maturity as 
n.ay not reach maturity until they have developed 
(hurricanes); all varieties of sizes and intensit 
stage lasts from a few hours to a week or longer, 
tively constant pressure at the center, while the 
ually spreading.  The area affected by strong win 
area of associated clouds and weather is usually 
most clearly defined at this stage. 

ng which the storm remains at 
range in both size and intens- 
small intense cyclones; others 

Into the largest of typhoons 
ies exist in Detween.  This 

It is characterized by rela- 
surrounding isobars are grad- 

ds may increase slightly. The 
at its maximum and the eye is 

7140.  The Stage of Decay. 

The stage of decay is the period during which the storm either assumes 
extra-tropical characteristics or fills, diminishing in intensity until it loses 
its identity.  Those storms which move inland may fill very rapidly, especially 
if the terrain is rough.  In the case of storms which recurve into high latitudes 
there is a gradual transition to extra-tropical characteristics, i.e., the band 
ot maximum winds and the eye become less clearly defined, and polar air may be 
irawn into the cyclone at low levels.  Weather and cloud diatribution in this 
stage depend largely upon orographic effects and in some regions, such as the 
Philippines, the rainfall reaches a maximum during the early part of this stage. 

I30*E 
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Fig,   7-1.     The components  of a mature tropical  cyclone. 
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7200.     THE STRUCTURE  OF TROPICAL ClfCLONES. 

To make the most  efficient analysis of available data in the vicinity of 
tropical cyclones,   the  forecaster must be  familiar with the normal wind,   pres- 
sure,   temperature,   clouds and weather patterns associated with these storms. 
It  is  not  Inferred  that  all  tropical cyclones are  exactly alike.     On the  con- 
trary,   there are great variations  between storms.     However,   there are certain 
general   features which appear with sufficient  frequency to predominate  in  the 
mean patterns.     These  features serve as a valuable  guide when reconstructing 
the  picture of an  individual tropical cyclone  from sparse data. 

Since the meteorological  elements are not distributed uniformly  throughout 
all  sections of the  cyclone,   it has become customary  to describe these storms 
in  terms of  the  four  quadrants  separated by  the   line along which the center of 
the storm  is moving and  the normal to this  line  at  the cyclonic center  (Fig.   7-1). 
Of  course.   In nature  there  are no clearly defined demarcations between the  quad- 
rants. 

7210. The Horizontal  Wind Field. 

Data sufficient  to deecrlLje  the wind  field  completely and accurately   in 
a single tropical  cyclone  have  never been obtained.     However,   Hughes  (1952) 
has summarized a large  number of carefully selected wind observations from 
low-level  weather reconnaissance  flights  in and around  tropical cyclones,   and 
b.   S.   Jordan  (1952)   combined all available rawin  reports,   taken within the 
circulation of tropical cyclones of storm Intensity,   to obtain a generalized 
pattern of the upper wind circulation. 

7211. Low-Level Kinds. Hughes found the distribution of low-level winda 
to be the same, except in scale, in both large and small storms. His figures 
apply only to the region beyond a radius of 30 nautical miles from the center 
and do not pertain  to  th?  eye of the storm. 

Fig. Mean  low-level  (near 
1,000 ft.)  streamlines 
and  isotachs   in  large 
mature tropical cy- 
clones.    Hind speeds  in 
knots.     (After Hughes, 
1952). 

Figure 7-2 illustrates the mean stream- 
line and'isotacb patterns found by Hughes, 
in large, mature. Pacific typhoons.  Notice 
that the strongest winds are in the right 
rear quadrant and that the isotachs near the 
center have a horseshoe shape, indicating 
a ring of maximum winds around the center. 
Hughes did not have data to substantiate the 
innermost isotachs.  However, this pattern 
is frequently observed and the figure is 
believed to be representative.  The mean dia- 
meter of the maximum speed ring in large 
mature storms appears to be about 40 nautical 
miles. 

On tee inner side of the maximum speed 
ring, the isotach gradient is extremely steep 
and probably fairly uniform in all quadrants. 
Within the eye, winds are relatively light, 
and,  of course, the speed is zero at the sin- 
gular point.  On the other side of the maximum 
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speed ring, the isotachs also appear to be roughly concentric in the mean. 
However, in individual cyclones, the speed maxima associated with separate, 
converging air streams within the cyclonic circulations produce numerous 
perturbations of the standard isotach pattern. 

Hughes' results indicate that, in the mean, the diameter of tne area 
affected by hurricane winds (64 knots or greater) is about 120 nautical miles. 
This, of course, varies greatly; according to Dunn (1944) it may be in excess 
of 100 miles in large storms or as small as 35 miles.  Gale winds (30 knots) 
sometimes cover an area of 500-800 miles or more.  The maximum extent of strong 
winds is usually in the direction of the major subtropical anticyclone in the 
area.  This is most frequently to the right of the line of movement of the cy- 
clone. 

Tne average of maximum, low-level wind speeds is Indicated, in figure 
7-2, as being slightly greater than 90 knots.  Speeds greater than 1*0 knots 
have been recorded and it seems reasonable to assume that speeds near 200 
knots may be attained at altitudes of several hundred feet above the surface. 

The mean streamlines spiral inward toward the center in 
but those in the left rear quadrant have the greatest angle 
7-3 Illustrates the mean "in-curvature" field. This figure 
that the air in the left rear quadrant was approaching the s 

than air from the other q 
when only the components 
moving center are conside 
that, in moving a given r 
ward the center, air from 
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trajectory and requires a 
time as air from the left 
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intense stages of these c 
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ward toward the center, w 
located in the streamline 
ture often indicates that 
of convergence also exist 
asymptotes of convergence 

which form and dissipate r 

The mean in-curvature 
field,   in degrees, 
near the 1.000 ft.   le- 
vel  (Hughes.   1952)   in 
large mature tropical 
cyclones. 
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asymptote toward  the storm center.   These sinks  ace 

ently  inconsistent winds  observed within the circul 
ones.     They are usually  associated with very  large 
ouds,   which sometimes adopt an arrangement similar 
small  cyclone.    Aerial  weather observers have  been 
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Depperman and others recognized  these asymptotes and described them as 
"fronts"   many years ago.     Of course,   it was realized that  they differed from 
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the   fronts of  high   latitudes. 

An asymptote  of divergence is  characteristic of the  forward  edge  of the 
cyclonic  circulation.     This accounts  for  the  general decrease  in  normal  cumulus 
clouu cover which  frequently .precedes the  storm. 

7212.     Upper-level  Wifads.    E.   S.   Jordan  (1962) summarized approximately 
130 wind soundings,   all of which extended to 30,000 feet,  8« of which extended 
to 4ö,000 feet.     All were located between a distance of 2 degrees and  6 degrees 
of  latitude  from a mature cyclonic center. 

Mean streamlines and isotachs  for 7,000 feet and 45,000  feet,   reconstructed 
frorr Jordan's resultant wind data,   are  illustrated in figure 7-4.     Notice that, 

Fig.   ?-4.    Streaml ines and isotachs  for the resultant winds at 7,000 feet and 
45.000 feet  in mature tropical cyclones.    Hind speeds  in'bnots. 
(After E.S.   Jordan.   1952) 

at  7,000 feet,   the   in-curvature of  the  streamlines  is much   less  pronounced  in 
all   quadrants  than  those  for the   lower  levels shown  in figure 7-2.     There  is 
actually a component away from the storm center in the forward part of the 
cyclone at  the  7,000  foot  level.     The maximum speed ring appears  to be near 
the  Inner  limit of  the data and  the maximum winds appear to'be  lighter  than 
those   found  at  lower  levels by Hughes.     However,   these two points  can not be 
definitely stated,   since  the picture  is not complete at either level,   and data 
fron, cyclones of many sizes were,   of necessity,   included in Jordan's summary. 

At 45,000  feet  the  resultant wind streamlines,   while obviously still under 
the  influence  of  the cyclone,   show a complex  flow pattern which  is  predominantly 
anticyclonic.     The  only  cyclonic curvature   in  the streamlines appears  near the 
Inner  limit of the  analysis  in the rear half of  the storm.     It appears  that 
the area and  strength of  the cyclonic c Irculation decreases rapidly with alti- 
tude. 
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In the past, there has been much speculation concerning the vertical extent 
of mature tropical cyclones.  It Is now, however, well established that they often 
extend at least to 45,000 feet; so far as Is known they have little effect on 
the stratospheric easterlies which- have their base at the tropopause. 

At 45,000 feet the strongest winds are located ahead of the storm center 
and are directed away from It.  This pattern gives a good Indication of the 
errors which can be made when locating a cyclonic center on the basis of one 
or two high level wind observations.  Similar complex patterns may be found 
at lower levels with tropical cyclones which have not yet extended to the upper 
troposphere.  It is not Inferred that all tropical cyclones form first at the 
lower levels.  Numerous storms appear to have resulted from the downward exten- 
sion and Intensification of an upper level cyclone.  Weak, low-level cyclones 
have also frequently been observed to Intensify rapidly when located directly 
beneath an upper level cyclone, and, with the sparse data normally available 
In the areas of cyclone Intensification, it Is difficult to determine which of 
the two processes has taken place. 

While little is known about the slope of the axes of tropical cyclones, 
they are generally assumed to be nearly vertical.  The observed cloud distribu- 
tion and the fact that there are no significant air mass differences tend to 
support this idea.  The few accounts of tropical cyclones having great vertical 
slope have probably resulted from an analyst connecting two Independent cyclones 
one at low levels and the other at upper levels.  This Is a common error when 
the analysis is performed only on charts for the mandatory pressure surfaces, 
wltnout reference to wind time-sections.  In any case, when one considers that 
the diameter of the eye of a large, mature hurricane Is often greater than the 
entire vertical depth of the storm the slope of the vertical axis seems unim- 
portant.  Having stulied numerous published cross-sections (all greatly exag- 
gerated In the vertical) of mature tropical cyclones, the forecaster may have 
learned to think of the eye of the storm as being shaped like a very narrow 
funnel, while the actual appearance bears more of a resemblance to a broad bowl 
(Pig. 7-6). 

7213. Horizontal Divergence.  It has long been known that strong horizontal 
convergence exists in the low-level winds of tropical cyclones, and divergence 
has long been assumed to exist in the upper level winds.  The papers by Hughes 
and Jordan, referred to above, shed some light on the field of divergence in 
mature storms. Both presented figures on the radial component of the wini with- 
in the cyclonic circulation.  The radial velocity of the wind is an expression 
for the magnitude of the wind component toward, or away from, the center of the 
vortex and provides a means of comparing, in a general way,the convergence at one 
level with that at others.  In all quadrants, at low levels, Hughes found the 
radial component directed Inward and the radial speed Increasing Inward to a maxi- 
mum near the ring of maximum wind speeds. 

E. S. Jordan found that the mean Inflow at 7,000 feet was about 30 percent 
of that which Hughes found at 1,000 feet.  The areas of inflow and outflow were 
nearly equal in the layer between 10,000 and 30,000 feet and above this layer 
tne outflow exceeded the Inflow.  At all levels the Inflow was greatest in the 
rear sections and the outflow greatest in the forward sections. At 45,000 feet, 
there was a component of over 30 knots away from the center in the forward section. 
Thus, we have a picture of strong convergence in the lower 10,000 feet, strong 
divergence above 30,000 feet and a neutral layer in between. 
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7214.     Vertical Motion.     Pew,   if any,   direct measurements of the vertical 
irotions   in   tropical  cyclones have  ever  been made.     However,   computations by  in- 
direct  methods and observations  of  the  types and distribution of,clouds give 
some   indications of the  field of vertical  motion within  these  storms.     Hughes 
(1952)   determined  the mean  field  of   vertical  motion near  the   1,000  foot  level 
by  computing  the  horizontal  divergence  of  the mean winds   for  that  level.     At 
very   low   levels,   with constant  density,   the patterns  in  both   fields,   diverg- 
ence  and  vertical motion,   may  be  considered  identical   (see  section 6210).     He 
found   that  the  rate of convergence  and  upward motion  increased  inward,   from the 
outer   limits  of  the circulation,   to  a ring of maximum values  which surrounded 
the  center and had a diameter slightly   larger than that  of  the  ring of maximum 
wind  speeds   (Pig.   7-2). 

In  section 7213 we saw that  the  only outflow which could disperse the sur- 
plus of   air.   Drought  into the  cyclone  by  convergence  in  the   low  levels,   existed 
aoove   30,00«.   feet.     Therefore,   we  can assume  that  upward   motion extends at   least 
to  that   level   and  probably  much   higher.     The  distribution and  vertical  develop- 
ttient   of   cumulus   clouds   indicates   that  upward motion strongly   predominates  in  a 
ring surrounding  the eye and  that,   in the  outer regions  of  the  circulation,   the 
upward   motion  is  concentrated  in  the  major asymptotes,   with   large areas of only 
slight   upward motion  lying  between  them.     At  low  levels  Hughes  found a weak 
riiaxiir.uni   of   subsidence  at  a  distance   of   180  nautical  miles   from  the  center,   in 
the   right   forward    quadrant.     This   would   be  associated  with  the  asymptote of 
Jivergence     which  is  frequently   found  ahead  of  the  storm. 

Cnarles  L.   Jordan   (1952)   summarized  45  aircraft and  dropsonde  soundings, 
of  which  35  were made  in typhoon eyes and  10 in storm circulations  from 50 
to  200  nautical  miles from the  cyclonic center.     Prom  his mean soundings and 
tne  visual  data  obtained  by aerial   reconnaissance,   he deduced  that  the down- 
ward motion within  the eye does  not  extend  to the surface  but  often reaches  the 
3,000   feet   level,   going below  that  only  in  the more intense   storms.     His data 
also suggested a zone of vertical  and  lateral mixing with  its  top between 10,000 
and  20,000   feet and  its  lower   limit  often extending nearly  to  the  surface. 
Jordan's   findings are  in agreement with the  typhoon model  advanced by Riehl 
(1951). 

7220.     The  Pressure Pield. 

r'rom  the  time a tropical  cyclone  enters the deepening stage  until  it dis- 
sipates  completely,   it  is  associated with a clearly defined   low  pressure center 
which  extends  from the surface   to  the  upper  levelt of  the  storm.     Isobaric and 
pressure  contour analyses are  therefore   important  tools  of  the  hurricane or 
typhoon   forecaster.    Since  the   Isobars  are  seldom symetrlcal   about  the center of 
the cyclone,   great care must  be  exercised when attempting  to  pinpoint  the center 
on  the   basis of pressure data.     Generally  speaking,   the   Isobaric  pattern resembles 
that which would  be obtained  by  superimposing an asymetrical   low pressure center 
upon  the  normal  isobars of the  area.     In the Northern Hemisphere,   the  pressure 
gradient   1c  generally strongest  to  the  right of the center,   or  in  the direction 
of  the   major anti-cyclones,   and  weakest to the left of  the center,   in the direc- 
tion of   the  equatorial  trough.     The   Isobars  in the outer regions of  the cyclone 
are  usually  further deformed  by  weak  pressure troughs    which  are associated with 
the  major asymptotes  in the storm  circulation. 

The   pressure  gradient along  the   line  of movement  of  the  center can be  rom- 
putea   from   the   barograph  trace   when   the  rate  of movement   of   the  storm center   is 
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known.     Gradients computed in  this manner  by Oeppermann, (1939)   indicate  a mean 
fall  of  1  mb per  mile  on the  forward    side  of  typhoons having a minisium  pressure 
near 960 mbs.     Gradients more  than twice  this strong sometimes  occur.     Dunn 
(1944)  cites a case  in wnich the pressure  fell  approximately 68  mb  in  90  minutes 
ahead of a hurricane  in the central  Caribbean.     Here,   the  rate  of  movement of  the 
storm was  not taken  into account. 

Numerous attempts have been made  to correlate the central  pressure,   or the 
average pressure  gradient between the  center  of  the storm and  an  arbitrarily 
selected sea  level   isobar near the outer  limit of the cyclone,   with  the maximum 
surface wind within  the storm.     The Typhoon  Post-Analysis Board,   Anderson Air 
Force  Uase,   Guam   (1952),   in an  empirical  study  of 230  typhoon  i econnaissance 
flights,   found a  close  relationship between   the  central  pressure  and   the maxi- 
mum surface winds,   when a latitudinal  factor was  introduced.     The  board also 
found a relatively  good correlation between  the  sea-level pressure  and  the 700 
Tiib height at  the  center of the  cyclone.     A  working table showing  the  normally 
corresponding values of sea-level  pressure  ant  700 mb.  height,   and  the  latitu- 
dinal  variation'of maximum surface  wind  speed with given central   pressures, 
is presented  in  Table  7-1.    These  figures  appear  to tt  suitable  for  forecast- 
ing use  in the absence  of observational   data. 

Minimum surface  pressures below 950  millibars frequently occur  in mature 
hurricanes,   and  record  surface pressures  below 890 millibars  have  been measured. 
Pulsations  in the  surface pressure,   which  cause  oscillations  in  the  barograph 
trace have  been  observed  in hurricanes  and  typhoons on numerous   occasions. 
These  fall  into  two classes,   i.e.,   short  period  oscillations  occuring at  6  sec- 
ond to 3 minute   intervals and  long period  oscillations having a  period  on  the 
order of one-half  hour.     The  latter may  have  an  amplitude  of more  than  a mil- 
libar,   and,   under  certain circumstances,   their first appearance  at  a  station 
could be mistaken  for  the  passage  of the  minimum  pressure  of  the  storm.     The 
period  of either  typ«  of oscillation  is  often  irregular. 

Kinks have sometimes been recorded in the barograph traces taken in mature 
tropical cyclones. These differ from the oscillations in that they are usually 
not repeated and their magnitude is greater, i.e.. one to four millibars. These 
kinks sometimes appear to travel with the storm but not necessarily at the same 
speed as the storm center. They are probably the concomitants, in the pressure 
field,   of the  "sinks"   in  the wind  field  mentioned   in section  7211. 

7230.     The Temperature Field. 

The temperature distribution  in tropical   cyclones,   while of  great  interest 
to the theorists,   is  of little  interest  to synoptic meteorologists.     E^rly writers 
on the  subject attached  great  importance  to reports of temperature  rises during 
the passage of the  eye  of the cyclone.     It   is  now  believed  that  all  such tempera- 
ture rises can be  attributed to local  orographic or insolational  effects and are 
not characteristic  of  the storms themselves. 

The  few high  level  soundings  taken within  the eyes of hurricanes  indicate 
that the temperature  in a layer roughly between 6,000 and 50,000   feet   is  generally 
5° C to 15°  C higher  than that at corresponding  levels  in   the surrounding area. 

There has  been much speculation,  and  very  little observational  data,   on 
changes  in height  and character of the  tropopause above tropical  cyclones.     The 
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MAXIMUM SURFACE WIND 
j SPC 700 MB. Latitude 
PRESS HEIGHT 5° 10° 15° 20° 25° 30° 35° 40° 45°J 

1000 10130 6Ü 57 54 51 48 45 41 38 35 

995 9990 7t 70 66 62 58 55 50 47 43 

990 98S0 do 80 76 72 67 63 58 54 49 

9UÖ 9710 95 90 65 80 75 70 65 60 55 

980 9570 104 99 93 88 82 77 71 66 61 

1 975 9430 112 107 100 35 89 83 77 71 65 

970 9290 120 114 107 101 95 89 82 76 70 | 

1 965 
9150 128 121 114 108 101 94 87 80 74 

960 9010 13d 127 120 113 106 99 92 85 78 

9S5 8870 141 133 126 119 111 104 96 89 82 

950 8730 US 140 132 124 116 109 101 93 86 

945 8590 153 145 137 129 121 113 105 97 89 

940 8450 159 151 142 134 126 117 109 101 92 

935 8310 165 156 148 139 130 121 113 104 95 

j 930 8170 170 161 152 143 134 125 116 107 98 

925 8030 no 166 157 147 138 129 120 111 101 1 

920 7890 180 171 161 151 142 133 123 114 104 

915 7750 Ida 175 165 156 146 137 127 117 107 

910 7810 190 180 170 160 150 140 130 120 110 

905 7470 195 184 174 164 153 143 133 123 113 

900 7330 199 189 178 168 157 147 136 126 115 

Table 7-l. Normally corresponding values of sea-level pressure and 700 me. height, 
and the latitudinal variation of maximum surface wind speed with given 
central pressures, in typhoons. (Typhoon Postanalysis Board. Anderson 
Air Force Base,  Guam,   1952) 
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few available soundings taken within the circulation of mature tropical cyclones 
Indicate that the level of tninitnuin temperature slopes upward from the outer 
limits of the storm toward the center, the total change in height being on the 
order of 5,000 feet.  The temperature at the base of this inversion appears to 
decrease slightly toward the center. 

Other temperature Inversions or abrupt changes In lapse rate also appear 
at hl^h levels within the cyclone and these have led to much controversy con- 
cerning multiple tropopauses.  Such arguments are mainly of an academic nature 
and are believed to have little bearing on forecasting problems at present. 

7240.  Cloud Distribution. 

Dunn (1944) describes the cloud sequence that accompanies an approaching 
tropical cyclone as similar to that in advance of a warm front.  First, cirrus 
appears, then thickens to cirrostratus and later to altostratus and altocumulus 
with large cumulus extending upward through the upper cloud layers.  Finally, 
the cumuli become an almost solid mass. 

Near the outer periphery of the cyclone, cumuliform clouds may be normal, 
or slightly below normal, in amount and vertical development, for the area. 
Aithin the circulation of the storm these clouds tend to become arranged in 

I30,E 140* iscre 

I30»E 

Fig.   7.j# Typical cloud distribution associated with the wind pattern  illus- 
trated in  figure T-l.     For an exolanation of the syirrbols see section 
5310. 
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bands along the streamlines.     The  larger cumuli are concentrated in bands along 
the  major asymptotes which spiral  cyclonically inward  toward  the storm center. 
Progressing  inward along these   bands,   the amount  and vertical  development of 
the  cumuli  increases until the  bands merge  into the more or  less solid mass of 
clouü,   sometimes reaching to the tropopause,   which forms the wall  around the 
eye  of   the storm  (Pigs.   7-5 and 7-6).     Many observers  hava described these  bands 
of  cumulus as concentric rings of cloud.    Radar-scope photographs,   however,  show 
their spiral  structure very clearly. 

A>« 
A A 

io  B 

Fig.  7.6.    A vertical cross-section along the storm track,   from A  to B in 
figure 7-6.     Vertical scale  in thousands of  feet,   horizontal scale 
in degrees  latitude.     The vertical scale of this drawing is exag- 
gerated approximately ten to one over the horizontal scale. 

Since the cloud bands lie along the streamlines, the orientation of the 
cloud bands, when discernable, can provide a visual means of determining the 
wind direction at levels between the surface and the cloud tops.  Sheets of 
altocumulus cloud often extend hundreds of miles from the center, merging 
with and being pierced by, the tops of the cumulus. Cirrus sheets also extend 
many hundreds of miles from the s'torm center. There is some disagreement in 
the literature as to whether the cirrus clouds radiate from, and move outward 
from, the storm center or merely move forward in the general stream in which the 
cyclone, i-s Imbedded. Simpson (1954) has also presented photographic evidence 
of a band of cirrus spiraling cyclonically Inward toward the center. In view 
of the complex wind patterns now known to' exist near the upper limits of the 
cyclones it seems reasonable to anticipate a great variety of cirrus patterns, 
depending upon the level of cirrus formation and the vertical extent of the 
storm circulation. 

Cloud conditions within the eye vary greatly from case to case. On some 
occasions the eye has been almost free of clouds, but generally there are at 
least small amounts of low, middle and high cloud. On most occasions the eye 
is filled with broken stratocumulus and cumulus with only slight vertical 
development.  A number of observers have reported cumulus tops near 10,000 
feet at the center of the eye.  These small clouds are sometimes found in bands 
which spiral toward the center of the eye, from the inner wall of the storm. 

Scattered to broken altocumulus clouds are commonly found within the eye, 
otten at more than one level, and cirrus clouds frequently cover most of the 
eye. 

Low cloud bases are seldom lower than 1,000 feet.  However, celling and 
visibility are frequently zero in the heavy rain areas. 
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7250.  Precipitation. 

Very heavy rainfall Is generally associated with nature cyclones.  However, 
the methods of measurement are suoject to such large errors during high winds 
that representative figures on the normal amount and distribution of precipita- 
tion in the storms can not be said to exist. 

Hughes (1952) computed the rate of rainfall within rings of various radii 
surrounding* the,center of mature tropical cyclones (Fig. 7-7).  His calculations 
are oased upon the assumption that virtually all water vapor, which has been 
transported inward by the low level winds across P closed curve surrounding the 
storm center, is precipitated within the area enclosed by the curve.  Rainfall 
figures thus derived are completely dependent upon the radial component of 
the wind, which is closely related to the field of divergence.  Therefore the 
distribution of rainfall should closely resemble the divergence' pattern. 
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Fig.   7-7. The computed average rates 
of rainfall  within concen- 
tric bands surrounding the 
centers of  large mature 
tropical cyclones.   (After 
Hughes.   1952). 

Based upon the rainfall rates com- 
puted by Hughes, an average mature trop- 
ical cyclone moving at ten knots would 
produce about 11 inches of rain in 4d 
hours at a station located on the track 
of the storm center.  This figure is in 
close agreement with the rainfall rates 
found by Cline (1926) in his study of 
Atlantic storms. 

Over the open sea, rainfall is of 
operational interest primarily from the 
standpoint of its effect upon ceiling and. 
visibility.  Over land, orographic ef- 
fects produce concentrations in the rain- 
fall which often result in costly floods. 
Hurricane winds, forcing moisture laden 
tropical air up a steep mountain slope, 
often result in phenomenal rainfall.  A 
fall of 88 inches was recorded during 
one storm in the Philippines.  At the 
other extreme, as little as a trace has 
been recorded at a station in th'e Florida 
Keys which had winds up to 1^0 knots dur- 
ing the passage of a hurricane. 

7260.  Severe Weather Phenomena. 

Adequate statistics on the occurrence 
of thunderstorms and tornadoes, in tropical cyclones, have not been published. 
Thunderstorms are frequently observed in the outer regions of the cyclones. 
They are reported less frequently in the inner regions of Mie storm,perhaps be- 
cause they are obscured by the surrounding mass of clouds.  Over the open sea 
they tend to be concentrated along the major asymptotes in the low level winds, 
and especially in the vicinity of the sinks on these asymptotes (section 7211). 
In coastal regions the location of the thunderstorms is likely to be determined 
by the orientation of the hurricane winds, relative to the local hills or moun- 
tains. 
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Tornadoes, moving with the hurricane winds, have been observed in coastal 
regions.  Indications are that in most cases they develop over the ocean, as 
waterspouts, and travel inland only a few miles before dissipating. 

7300.  STATISTICS OF THE OCCURBENCE AND MOVEMENT OF TROPICAL CjfCLONES. 

Statistical information derived from past occurrences provides the fore- 
caster with one of his primary tools. This is especially true in the case of 
tropical cyclones, even though data suitable for detailed statistical studies 
have not been available in most areas.  Mitchell (1924) and Colon (1953) have 
published detailed studies of tropical s-torms and hurricanes in the Caribbean 
Sea, the Gulf of Mexico and adjacent regions of the Atlantic Ocean.  The 1st 
fteather Wing, Tokyo, publishes climatological charts of tropical storm and 
typhoon tracks over the western North Pacific Ocean and China Sea.  The Meteor- 
ological Office, Air Ministry, London (1943) published the tracks of tropical 
cyclones ov»r the Indian Ocean for the period 1928 to 1937.  Dunn (1951) present- 
ed monthly mean hurricane tracks for the western North Atlantic area.  It is 
assumed that the forecaster will have access to these or similar studies which 
pertain to his area of interest. 

Cyclones of tropical storm Intensity are believed to occur over virtually 
all tropical seas. However, cyclones of hurricane Intensity very rarely 

WE  40- 

40*S 

Fig. T'fi.    Regions most frequently affected by tropical cyclones of storm 
or hurricane   intensity (shaded areas) and generalized inean cyclone 
tracks. 

occur within 5 degrees cf iktitude on either side of the equator. They have 
never oeen recorded over the South Atlantic Ocean or the South Pacific Ocean 
east of 140° W. 

Figure 7-8 indicates the areas of most frequent occurrence of tropical 
ötorms, hurricanes and typhoons, and their mean tracks.  The tracks are merely 
rough approximations and should not be used for forecasting purposes. 

In the Northern Hemisphere, cyclones of tropical storm or hurricane 
intensity occur most frequently over «he western North Pacific, North Atlantic 
and Caribbean area, and the eastern North Pacific, where they average 21, 10 
and 8 per year respectively.  In these areas the seasonal maximum occurs dur- 
ing August, September and October.  Over the North Atlantic and eastern North 
Pacific areas they are extremely r.are during the months of December through 
«ay.  Over the western North Pacific an average of only three per year occur 
during these months. 
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in the Bay of Bengal and its surrounding area, an average of 5 to 6 hurri- 
canes or tropical storms and 7 tropical cyclones of lesser intensity occur each 
year.  In the area of the Arabian Sea, the averages are less than 2  storms and 
a weak cyclones per year.  In these arees tropical cyclones rarely occur dur- 
ing January, February and March, and mid-bumner storms seldoir reach hurricane 
intensity.  The greatest number occur during Spring and Fall. 

Over the southwestern Pacific, Hutchings (ld53) annual averages ot 
o.6 storms with winds over 40 knots and less than one storm of hurricane 
intensity.  His figures indicate a well-marked concentration during the 
months of Oemember through March and only rare occurrences ii. other months. 

Over the western South Indian Ocean an average of 7 tropical storms or 
hurricanes and 4 weaker cyclones occur each year.  Intense tropical cyclones 
also occur over the South Indian Ocean to the northwest of Australia.  Little 
is known about their frequency of occurrence in this region but it is apparent- 
ly aoout one per year.  In all of the Southern Hemispheric regions, the great- 
est frequency of tropical cyclone occurrence is in the months of December 
tnrough March.  In the south Indian Ocean, tropical cyclones are almost unknown 
iurinu the months of June through October. 

In all regions wh^re tropical cyclones occur, the number which reach 
tropical storm and hurricane intensity, and the monthly distribution of their 
occurrence, varies greatly from year to year. 

7400.  FORMATION AND INTENSIFICATION. 

Since the winds remain relatively light during the formative stages of 
tropical cyclones, and the majority of them never ruach storm intensity, the 
forecast of th** initial formation is not a serious problem.  The forecast ot 
the intensification stage, however, is one of the primary problems facing the 
tropical meteorologist.  This becomes a particularly serious matter when the 
intensification occurs near inhabited localities. 

Forecasters working in both the Pacific and Atlantic areas have developed 
curtain empirical rules which at present are the forecasters' primary guides 
to the intensification forecast.  These rules, in basic form, are as follows: 

(1) Intensification takes place only when the easterlies 
extend vertically to 25,000 teet 31 higher at the latitude of 
the vortex.  This, most frequently occurs when the subtropical 
ridge lies poleward of its normal position for the season. 

(2) A decrease in the speed of movement of the cyclone is 
usually associated with intensification.  An increase in the speed 
of movement is not as frequently associated with a decrease in 
intensity. 

(3) Intensification occurs when the cyclone passes under an 
upper level trough or cyclone provided there is relative motion 
between the two.  There is some indication that intensification does 
not take place when two remain superimposed. 
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Fig.  7-9.    A graph of the maximum surface wind,  central sea-level pressure 
and central 700 mb.  height  in a typhoon.    Letters on the wind 
plot  indicate the quadrant where observed. 
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(4).  Intensification is unlikely until the preceain« hurricane 
has passed inland, dissipated or rr-curved through the sub-tropical 
ridge.  There are, however, numerous exceptions to this rule. 

(5).  Poleward movement of the cyclone is favorable for inten- 
sification; equatorward movement is not. 

(6).  Intensification of tropical cyclones occur.s only in areas 
where the sea surface temperature is 770P. (2ö0C. ) or higher.  This 
is true in the mean.  Its synoptic reliability has never been thor- 
oughly checked. 

(7).  The advection (jf  cola dry air into the lo*   levuls of the 
cyclone will cause it to lose Intensity. 

fcxtrapolation also provides a useful moans ol forecasting the rate of in- 
tensification for short periods.  A recoiümendoü procedure is tc plot max- 
imum wind speed, minimum sea level pressure, and Diinimuni height ol the 7Cu 
milliour level on a sheet of graph paper with time as the other coordinate. 
Then make the forecast by extending the plotted curves, attur cor.siJerinn 
tne rules listed above, (Piguro 7-y). 

7500.  DETECTION AND LOCATION. 

Ideally, the cyclone may be first detected, and its location thi.renftcr 
determined, by frequent aerial reconnaissance flights.  however, these air- 
craft are not always available and, In any event, are relatively expensive. 
The forecaster, therefore, must be alert for evidence of cyclone foiiTiatio.i 
in his routine weather data.  A shilt in low level, wind direction from east 
to west, where this Is not a normal diurnal occasion, is otten the first 
clue to cyclone formation.  Lvery area in which marked cyclonic turning in 
the low level winds, with time, should De carefully watched, as should those 
with greater than normal cloudiness, rainfall or fall in pressure,  ihe 
low level wind analysis provides one oi the best means of locating the cy- 
clonic center; after intensification has oegun, the sea level pressure ana- 
lysis may also be useful.  In usin;- the pressure analysis for this purpose, 
however, the eccentricity of the isobars aoout the cyclone must be given 
consideration. 

In isolated areas, reports of sea swells of abncrnially long period or 
unusujlly high tides taay provide the first cl'je to the existence ol a new 
tropical storm or hurricane, (see ^ec'ior 7Ö00). 

Mew, longer-range radar c(,uipncp.t may soon provide a practical tt.eans 
of locating and tracking tropical cyclones,  tven at present, radar provides 
one of the best »hoit-rance n.cthcds oi chserving their movement. 

Kesearch is still ueing conducted upon the practicability ot seismic, 
sferic and other methods of detection and location of cyclones.  These tech- 
niques, however, are not yet at the .stage where tfley can cecor.ie a part of 
the routine weather station operation. 
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7600.  MOVEMENT OP TROPICAL OfCLONES. 

In the vean, there is a tendency for tropical cyclones to follow a 
hyperbolic or parabolic curve away from the equator; however, departures 
fron this type of track are frequent and of great variety. 

7610.  Theoretical Aspects. 

Nunerous theories have been advanced to explain the cyclone tracks of 
the past and predict those of the future.  Observational data have never been 
sufficient to prove or disprove most of them.  A few theoretical concepts 
have found limited practical application, but, for the most part, the fore- 
caster must rely upon empirical knowledge and extrapolation when predicting 
the movement of tropical cyclones. 

There Is no doubt that, at the present stage of development of tropical 
meteorology, forecasting the tracks of cyclones is an art.  Among experienced 
forecasters, some are much more successful than others using the same data 
often the most successful are at a loss to explain the methods they employ. 
A critical examination of the art, however, shows that the successful prac- 
titioners use, either consciously or unconsciously, reasoning based upon 
analogies between hydrodynamic flow (as in liquids or gases) and the behav- 
ior of electric and magnetic fields.  Many empirical notions, such as that 
of "steering", which are used in discussing the problem of cyclone movement, 
are also based upon the analogy. 

In many problems of hydrodynamics, a two-dimensional field of motion can 
be treated as if the vortlcity were not distributed all over the field, but 
was concentrated at points, which we will identity as the cyclonic and anti- 
cyclonic singular points.  In this type of problem, the speed and direction 
of the wind at any place outside the singular points can be attributed to 
'sources* of vortlcity (the singular points) having various strengths, pos- 
itive (cyclonic in the Northern Hemisphere) and negative (anticyclonic). 
Hence, the speed and direction of any particle in the field will depend upon 
its dibtance from all the point-sources in the field and upon their relative 
strength.  It can be shown theoretically that the point-sources themselves 
will be in relative motion, as if each exerted a force upon all the others: 
to find the movement of any source, then, one has to compute the theoretical 
wind at the point In question, which is due to the presence of all the other 
point-sources.  This imaginary wind is known as the "steering* wind at the 
point. 

Many forecasters unconsciously use this type of reasoning in track prog- 
nosis.  For example, they attribute a "steering" force of great magnitude to 
a nearby, intense anticyclone, on the equatorward side of which a typhoon or 
cyclone is moving.  At the same time, they watch the movement and changes of 
intensity of other cyclones and anticyclones to estimate their "effects" on 
the typhoon.  If the typhoon lies in the trough between two anticyclones, the 
problem is often the difficult one of determining whether the eastern or the 
western anticyclonic cell will intensify rapidly during the forecast period; 
if the former takes place, the forecaster will probably predict continued re- 
curvature, if the latter, he will expect the storm to return to lower latitudes 
and continue on its westward track. 
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It cannot be too strongly emphasized that these notions, \»hich ore «ell 
estaolished in the art, are qualitative and do not imply that the processes 
descrlüed actually occur in the atmosphere.  Cyclones ao not exert forces 
upon one another, as do conductors carrying electric cunem.  There is no 
such entity in nature as a "steering" »inci.  The ideas are merely convenient 
tools for dealing with a very complex practical and theoretical proDleni.  As 

long as this is understood, there is no objection to consideririR the singular 
points as if they were sources of vortirity, exerting forces upon one anotner 
and upon the intermediate tielcis of motion. 

7611.  Steering.  The concept of a cyclone being steereü oy a uroad cur- 
rent in Ahich it is imbedded appears td»o:ls we.1;, as lonn tif fno cyclone rc- 
rr.ains small and remains in a deep, br^Ld current,  ßy the 'ir. .. a tru^ica] cy- 
clone has reached hurricane intensity, these conuitiens sel'oi:i uxist.  It ti\^n 
oecomes necessary to integrate the vinds at all levels through wiiich the cy- 
clone extends and in all quadrants of the Etorm, to determine the effective 
steering current.  If sufficient aata *eie avai.'aele tor this type ol compu- 
tation, it might then be possible to oi;tain the instantaneous direction and 
rate of movement of the cyclone,  however, thn Desn movement for uny given 
period can be determined more easily with only two accurate fixes on the cen- 
ter.  In either case, the tuture n.oven.ert of tho storm must be predicted ivain- 
ly upon the basis of extrapolation.  Jhe steering principle Joes have practi- 
cal applications, however.  for exaxple, ciianges in the winds at one or more 
levels in the area surroundin, the cycioru» can sometimes be anticipated, and 
in such cases, a qualitative estimate of the resulting change ir the movement 
of the cyclone can be maae.  Conversely, when it appears likely that none of 
tne winds in the vicinity ol the cyclone will ci.ange appreciaoly uiring the 
torecast period, no change in the direction and speed of movement should be 
forecast. 

7612.  The Fujiwhara hffect.  Another concept, based on the analogy de- 
scrioed in Section 7610, which has certain practical applications, is that 
Itnown as the Fujiwhara effect.  A cyclone tenos to make other vortices rotate 

dHsNaHMy 
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■10,     The   interact ions of rotating  fields   in a  fiaid;   (A)  cyclone 
pair,   (B) cyclone and ant 'eyelone,   (C) anticyclone oair. 
These cxairples refer to  the Northern rieirisphere. 
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about it In a cyclonic 
täte about its periphe 
sphere, cyclone pairs 
and anticyclone pairs 
sno*n in figure 7-10. 
upon each other which 
Of course, when the tw 
clockwise or countercl 
less of whether it is 
lying near each other, 
each other toward the 
of the poleward anticy 
mal westward movement, 
other varies directly 
the distance between t 

direction, and an anticyclone tends to make then ro- 
ry in an anticyclonic direction.  In the same hemi* 
tend to rotate cyclonically, relative to each other, 
tend to travel around each other anticyclonically, as 
Neighboring cyclones and anticyclones exert a "force* 
is directed parallel to the wind flow between them, 
o rotational fields lie in opposite hemispheres, the 
ockwise d-irection of rotation is considered, regard- 
called cyclonic or anticyclonic.  Thus, two cyclones 
one on either side of the equator, exert a force on 

east. Usually this effect is much smaller than that 
clones and appears only as a retardation of the nor- 
The apparent effect of one rotational field upon any 

with its.size and rate of rotation and Inversely with 
he two centers. 

Quantitative methods of applying this concept to the movement of tropi- 
cal cyclones have not been found.  However, it can be used qualitatively. 
For example, as two cyclones draw closer together, each will be deflected 
more and more by the cyclonic rotation of the other; the smaller and weaker 
of the two will be deflected the greater amount.  As a cyclone intensifies, 
to oecome a typhoon or hurricane, smaller vortices in the vicinity are forced 
to travel around it at en increasing rate.  Many apparently erratic cyclone 
tracks can be explained when it is seen that the cyclone passed from the in- 
fluence of one large anticyclone to that of another.  Very large typhoons are 
often seen to overcome the effect of nearby anticyclones and travel in a line, 
almost straight, for many hundreds of miles, without recurving poleward.These 
were called "super typhoons" by Ramage (1954).  They sometimes exert enough 
force to cause a small anticyclone to move westward with them; at least this 
is what appears to happen on the map. 

7620. Forecasting the Track. 

One of the fundamental problems of forecasting the movement of tropical 
cyclones is that of recurvature, I.e.. will the cyclone move along a relative- 
ly straight line until it dissipates, or will it follow a track which curves 
poleward and eastward? 

When recurvature is expected, th3 forecaster must next decide where and 
when it will take place.  Then, he is faced with the problen of forecasting 
the radius of the curved track.  Even after the cyclone has begun to recurve, 
there are a great variety of paths that it may take.  At any point, it may 
change course sharply to the west or southwest, or, after moving up to the 
öubtroyical ridge line, it may loop back to the southwest.  Fortunately, the 
cyclone usually moves very slowly during these changes in course. 

7621. Extrapolation. At present, the most practical prognostic tech- 
nique used by the tropical meteorologist consists of extrapolating the past 
movement of the synoptic features on his chart into the future. The past 
track of a cyclone represents the integrated effects of the steering forces 
acting upon it. Accelerations and changes in course are the results of the 
changes in these "steering forces". The effect of these forces can be ex- 
amined and extrapolated directly from the past positions of the cyclone. 

176 



7621, 

Before applying the extrapolation technique, the forecaster must attempt 
to smooth out the minor irregularities in the past track.  The cyclonic center 
often oscillates about a smooth track in a »avelike manner, and slight errors 
in past positions produce other irregularities.  The first step in the use of 
extrapolation is to determine the mean direction and speed of the cyclonic 
center between each two known positions.  The next step is to determine the 
rate of change In direction and speed between successive pairs of fixes.  One 
convenient method of examining these changes is to determine the westward com- 
ponent and the northward component of the storm track between each two posi- 
tions, and plot each of these on graph paper, with time as one coordinate. 
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Fig.  7-ll.     A graph of the westward  (———) and northward C )  comoonents 
of a cyclone track.     The extrapolated curves ( )   indicate a 
forecast of the 24-hour movement of  J0 (42 nautical miles)   to 
the west and 4.6° (276 nautical miles)   toward the north, 

Each of the plotted curves can then  be extrapolated separately  to obtain  a 
forecast  of the  future movement,   as shown  in  figure 7-11.     This  forecast 
should then  be modified,   conservatively,   to conform with expected  changes  in 
the steering effects.     The modified   forecast should then be  compared  to  the 
applicable climatological  tracks of  cyclones in  the area and,   when  a large 
difference  exists,   a complete  re-examination of  the forecast  should  be made. 

A well known method  for quickly  computing  the past speed of movement of 
any synoptic  feature  on a weather chart  is  simply  to measure  the movement   for 
six  hours,   in tenths of degrees of latitude,   to  obtain  the  speed  in  knots. 
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7622.  Recurvature Rules.  Numerous rules for forecasting the recurva- 
ture of tropical storms have been proposed by both theorists and practicing 
forecasters.  All of these rules appear to center around variations in the 
position, strength and vertical slope of the major subtropical anticyclones 
and the neutral points between them, relative to the cyclone.  These large 
anticyclones normally slope equatorward and westward with height.  Thus, a 
vertical cyclone located south of the anticyclonic belt must lie much closer 
to the ridge line aloft than it does at the surface.  The upper limits of the 
cyclone may lie in, or even poleward of, the anticyclonic ridge line at those 
levels and thus may be influenced by the northward, southward or eastward 
components of the anticyclonic circulations at those levels.  The resulting 
steering effect of these components is roughly proportional to the pressure 
thickness of the portion of the cyclone on which they act. 

The strongest northward and southward components, in an anticyclone, lie 
in the area near the east-west line between the singular point at the anti- 
cyclonic center and its outer limits.  When anticyclones are arranged in a 
band, as in the subtropical ridge, the outer limits of each circulation are 
marked by the neutral points between the anticyclones.  These neutral points 
also mark the equatorward limits of the westerly troughs at any given level. 
Thus, a cyclone approaching a westerly trough from the east may, at some upper 
levels, come under the Influence of the strongest southerly flow around an 
anticyclone.  When this southerly flow is sufficiently strong and acts upon 
a thick enough layer of the cyclone, the latter will be deflected poleward. 
If the cyclone remains under the influence of the same anticyclone long, re- 
curvature will be completed and the cyclone will pass into higher latitudes. 
If, however, the anticyclones are moving eastward, the cyclone may come under 
the influence of the northerly winds on the torwara side of the succeeding 
anticyclone and be deflected back toward the equator. 

To make a qualitative estimate of these effects, it is necessary to have 
an accurate analysis of the winds, indicating the positions of the anticyclones 
and neutral points at all levels through which the cyclone extends.  Their 
movements must be forecast before their effects on the future track of the 
cyclone can be evaluated. 

The following criteria for evaluating the steering effect of the major 
anticyclones have been determined empirically and appear to be valuable guides 
to the forecaster: 

(1) When the neutral Doint at the southern extremity of the trough 
in the westerlies, at the 20,000 foot level, lies at or equatorward of 
the latitude of the cyclone, recurvature into the trough will usually 
occur.  In this situation, the cyclone would normally be under the in- 
fluence of southerly winds from its upper limits to a level well below 
20.000 feet, while approaching the trough. 

(2) When the subtropical ridge at 20,000 feet is narrow and broken 
into many small cells recurvature is unlikely. When it is broad and con- 
sists of large anticyclones recurvature will usually occur.  The first 
case represents a high-index situation in which the anticyclones are 
weak and move rapidly eastward, thui exerting little influence on the 
cyclone.  The latter case represents a low index situation in which 
the cyclone remains under the influence of a single, large, slow-moving 
auticvclone for a relatively long time. 
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Upper level cyclones are also known to influence the tracks of tropical 
cyclones; in fact, many of the more complex tracks appear to have resulted fron 
the forces exerted by upper level cyclones.  No empirical rules for evaluating 
their effects upon the tracks of low level cyclones have been developed, however. 

7700.  OROGRAPHIC EFFECTS. 

Upon crossing a coast and moving inland, tropical storms and hurricanes 
usually dissipate rapidly.  Just how rapidly depends upon the height of the 
terrain, the dryness of the surface and the humidity of the air masses encoun- 
tered over the land.  Even mountainous islands have been known to destroy snail 
intense storms completely. 

The largest hurricanes and typhoons seldom retain their identity after 
moving far inland over mountainous regions.  They do, however, retain their 
identity as they move many hundreds of miles inland along broad river valleys, 
such as the Ganges in Northern India and the Mississippi in the United States. 
They also appear to dissipate more slowly when there have been previous heavy 
rains over the area into which they are advancing.  Even in passing over narrow 
peninsulas they seem to have an affinity for low areas and mountain passes.  Cy- 
clones which move out to sea again, after crossing a land area, usually regener- 
ate rapidly.  Even storms which appeared to have been almost completely destroyed 
over land have been known to acquire hurricane intensity once again. 

There are accounts of storm centers decelerating over land to the extent 
that the pressure minimum moved ahead of the calm eye.  These accounts may be 
based on cases where the cyclone filled so rapidly that the lowest pressure 
at points along the track occurred before the passage of the center.  This Il- 
lusion could be created if the position of the pressure center were based upon 
the time of passage of the minimum pressure at points along the track rather 
than upon synoptic charts on which the center of the vortex and the low pressure 
center were Identified at different locations. 

7d00.  THE STATE OP THE SEA. 

Although hurricane winds are often directly responsible for great des- 
truction, most of the major hurricane disasters of history have been due to 
inundations of populated areas, caused by the effects of these winds upon 
the sea. 

The evaluation and prediction of the state of the sea in the area in- 
fluenced by a tropical cyclone require the skills of an oceanographer. How- 
ever in the absence of an oceanographer, the meteorologist is often expected 
to have mystic powers which will enable him to predict the dimensions and 
effects of waves, swells and tides.  This section is designed to acquaint the 
forecaster briefly with the problems; involved and the techniques which may 
be used in solving them. 

Wind has two primary effects on the surface of the sea.  First, it creates 
shallow currents in the surface water and, second, it creates waves on the 
sea surface. 
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7810.  The Storm Tide 

The wind drwen currents are oriented roughly parallel to and move in 
the vjirection of the surface winds.  The strength and depth of tha current are 
determined largely by the strength and steadiness of the wind out are diffi- 
cult or impossible to evaluate on the basis of wind data alone.  Winds in the 
right half of a tropical storm, relative, to its line of motion, are generally 
very strong and often blow from a relatively constant direction over a very 
large area.  These winds tend to establish a current in the sea surface, on 
the right side of the storm, which moves in the same direction as the storm 
itself.  When the storm moves in a relatively straight line huge amounts of 
water are pushed ahead of it.  These currents have little affect on small 
i&olated islands or the steep coasts of unclosed bodies of water.  However, 
m partially enclosed seas, such as the Bay of Bengal and the Gulf of Mexico, 
especially where gently sloping coasts exist around these bodies of water,, the 
wnd-Jrlven currents pile water onto the beaches.  This piling-up, sometimes 
culled the "Storm Tide", often raises the water level 3 to 10 feet near the 
csnter of a storm.  Its greatest effect is generally felt to the right of the 
point where the cyclone crosses the coast, near the time of crossing.  Storm 
tides are independent of the normal gravitational tides, and it is therefore 
posslole for both to reach maximum height on a particular shore at the same 
time. 

The height of the storm tide must be forecast mainly on knowledge of the 
relative strength of the storm, the expected storm track and past occurrances 
at each place.  The primary point is that, in areas where storm tides occur, 
tne danger is greatest when the cyclone center crosses the coast near the time 
of normal high tide. 

7820.  Waves and Swells. 

Wind olowing over the sea generates waves in the sea surface, which move 
In the direction of the wind.  The waves move out of their source region and 
Jecay into swells which continue to move in the direction of the generating 
wind.  The wave height and period is determined by the speed and fetch of the 
Ainu.  Waves generated by hurricane winds can be tremendous, sometimes over 45 
teet in height.  In tropical cyclones the largest waves are usually generated 
In tne right rear quadrant of the storm, where the wind is strongest and 
change» direction most slowly.  These huge waves, breaking repeatedly on a shore, 
can cause tremendous damage. 

Ihe theory of wave generation assumes the existence of a fetch over which 
tne wind blows in a constant direction, but in a tropical cyclone the wind 
lirectlon changes continually.  This means that the fetch at any point in the 
storm circulation must be taken as the distance, upwind, over which the stream- 
lines have little curvature.  The streamlines within any 45° sector of the 
storir., in which there are no major asymptotes, usually conform, within reason- 
able limits, to thi@ criterion.  The speed of the generating wind is taken as 
the average wind speed along the fetch. 

A rough approximation of the wave height and period at any point outside 
the eye of a stationary tropical cyclone may be obtained by entering the nomo- 
grair> in figure 7-12, with the fetch and wind speed, and proceeding in the 
Sianaer Illustrated in the example aiven.  In the case of a moving cyclone, the 
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Fie.  7-12.     A nomogram for forecasting wave height and period.     Example:    Fetch 
230 nautical miles,  average wind speed over the fetch 28 knots,   wave 
height at forward end of fetch     16.7  feet,   wave period    8.2 seconds. 
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fetch ot a wave traveling with the storm is lengthened and that of a wave 
traveling in the opposite direction is shortened.  The faster the cyclone 
moves the greater this effect becomes. The waves themselves accelerate while 
under the Influence of the generating wind, and if the rate oi movement of 
tne cyclone increases, it is theoretically possible for waves traveling in the 
san.e direction as the storm to have an unlimited fetch.  Actually the limit is 
determined oy other factors, such as the cyclone crossing a shore, dissipating, 
or changing course,  bven so. in only two days, a wind of 50 knots, moving 
always with the speed of the wave, can ouild the wave to a height of 53 feet. 
The tact that such development is rare is due to the high rate of movement at- 
tained.  In the case quoted, the cyclone would have to reach a rate of move- 
»ent of 22.ö  knots while traveling in a straight line. 

The wind and wave patterns in a moving typhoon, which passed over a fleet 
of ships near Japan, are presented in figure 1-13.  This storm was moving along 
a relatively straight, northward course at a speed of 3ö  nets, near 41° N. 

N 

tit      U-41 M> 

Fig. ■13. 
B 0 

Wind and wave distribution in a  Typhoon.   A.     Surface wind stream- 
lines.  B.     Surface wind  isotachs (knots).   C.     Have heights   in sea 
scale units.     The arrow  through the center   indicates the direction 
of movement of the  typhoon.    Dots   indicate positions of naval 
units at hourly  intervals  (JUT).     (After Arakawa   1933). 

Hurricane swells radiate in all directions from the cyclone. Those from 
the right rear quadrant usually move in a direction close to that of the storm 
itself.  They generally move faster than the storm center and thus give some 
warning of its approach.  They have a characteristic long period (6 to 15 sec- 
onds) and are often detected when breaking on a coast as far as 1.000 miles, 
or more, in advance of the storm. 

when the rate of progression of a storm is increasing, the storm tends to 
keep up with the swells which are moving along its track. Thus the swells may 
precede the storm by only a few hours. 
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The tern 'Hurricane  Wave"  has  been applied to the marked rise in the 
level  of the sea near the center of  intense  tropical  cyclones.    This rise 
öometimes amounts  to 20   feet or more and affects  small   isolated islands as 
reaJily as continental   shores.     In  partially enclosed seas they nay be super- 
imposed on the hurricane  and gravitational   tides.     The hurricane wave nay 
occur as a series of waves but  is usually one huge  wave.      These waves    have 
produced many of the major hurricane disasters of history.    There is usually 
little warning of their approach.    However,   they should  be anticipated near, 
and  to the right of,   the  center of intense  tropical  cyclones. 
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APPBNDIX 

THfiORETICAL AIDS TO ANALYSIS 

The branch ot natnematics most useful as a theoretical tool in wind 
analysis is not customarily taught to students ot meteorology during their 
aarly training.  It is called topology, especially the topology ot the bolu- 
tiuns of certain differential equations.  No pai'. of this theory is developed 
nere; however, a few results may be quoted without proof and certain topologi- 
cal features of the isogon field will be pointed out.  These topics are not 
jnly of interest in themselves out are ot practical aid in connection with 
the analysis of singular points in the wind field. 

Owing to the importance of the concepts ot divergence and vorticity, a» 
applied to wind fields, and particularly with reference tu vertical motions in 
the atmosphere, knowledge of the relation of these kinematic quantities to the 
tiuished analysis can be useful to the analyst.  Synoptic meteorologists some- 
tiir.ös use the word convergence or divergence rather loosely to mean that the 
winds are converging or diverging in direction, and hence that there must be 
upward or downward motion in the atmosphere in the region showing this converg- 
ence or divergence, respectively.  This sometimes leads to erroneous conclusions 
oasel on a correct analysis and finally to an incorrect forecast.  It is essen- 
tial tnat the relation between the wind field, the kinematic quantities, diverg- 
ence and vorticity, and vertical motion be thoroughly understood oy tropical 
forecasters. 

it,will be understood n,  what follows that properties of simple singular 
points, such as are corumonly found on wind maps, are to be discussed.  Very 
complex singular points or singular lines are of such rare occurrence in the 
tropics that any theoretical investigation of their properties would ue ir- 
relevant. 

Keference to figures A-2 and A-3 shows that the different singular points 
are characterized by the appearance of the streamli:aes in the neighborhood of 
the zero point.  It is possible at a glance, for example, to tell the difference 
üetv,een cyclonic and anticyclonlc points.  Theoretical study of the differences 
Lxung the points is facilitated by knowledge of the following theoretical prop- 
erties: 

Property 1:  ihe wind field in the neighborhood of a singular point is 
sutficiently well approximated, when tangents to the Isogons 
üt the point are substituted for the isogons. 

intuitIvely, this property can be easily seen from figure A-l. The actual isogons 
on tne left-hand side of the diagram enter the singularity at a determinate 
^nsle. in spite of the fact that their course at some distance from the point 
:e irregular and curved.  The streamlines corresponding to this isogon pattern 
«re «iven in the diagram immediately below.  On. the right, straight lines which 
are tangent to these Isogons have been substituted for them, each tangent having 
the same value as its isogon.  The resulting streamline pattern is given below. 
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Fie. A-1. Tangents to the isogons, at a singular pcint, substituted for the 
isogons themselves. Diagram 8 is the streamline pattern for Dia- 
gram A.     "0"   is  the streamline pattern for "C" 

cutting this  property   in another way,   we  may  say that to study  the  chief  topo- 
loslcul   leatures of  each singularity  It  Is  sufficient  to  "straighten  out"   the 
laOrfons   In the   immeJiate neighborhood  of  the  singularity.     This property   greatly 
facilitates  the  classification of singular  points and study of  the   isogon  orien- 
tations   in their  inrmediate  vicinity.     Consider   figure A-2,   for example.     A com- 
;:lati  net ot   isogons   from  36  through   Id,   27,   etc.,   is  represented;   in   diagrani  A 
thesis   isogons  are  straight   lines and all   directions  of the wind are  present, 
nltnou^h  Isogons at  SO degree  intervals are actually drawn.     If a closed curve 
wrs urawn around  the  singular point,   not  passing through  it,   and one  were  to 
:.>r oci'd along  this  curve  in a positive direction  (counter clockwise)   one  would 
crr/ss every  isogon.     however,   the directions,   still   proceeding  in  the   positive 
direction,   would  diminish  in value.     For example,   if one started at   the 36,   one 
»u'.ul'i  then  encounter   the   33,   then  the  30,   then   the  27,   etc.,   each  succeeding 
Viiiue  of  the  isogon  being  less  than  the  preceding.     This property   is   true  of every 
Let ot   isogons  represented  in figure A-2,   the   difference  between the  various 
joints  being   dependent only  upon   the  orientation of  the  Isogons  to   the  funda- 
HL'iitul  north-south direction.     In diagram A each  isogon has the same  direction 
.-.s   the  wind  it  represents.     Consequently,   the   Isogons  themselves are  streamlines, 
ulJ  Jt   which diverge  from the singularity   itself.     Such a point  is known as an 
"outdruft".     Diagram  B resembles  the  previous  one  in every particular,   save  that 
tns »nole set  of   isogons has been rotated  through 4ä degrees.     The  order  of 
isauoiis   in  the  positive direction  is  the  same.     The streamline  pattern  correspond- 
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Fig.  A-2.     Singular points of index plus one.   vortices. 
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ing to this Isogon field is also shown.  It will be seen that not only do the 
winds point outwards from the center, but also the whole field possesses rota- 
tion.  The curvature of each streamline is negative, that is, anticyclonic in 
tne Northern Hemisphere.  Such a point is known a« an anticyclonic outdraft. 
Diagram C is formed by rotating the isogons through another 45 degrees.  Now 
the streamlines cut the isogons at right angles, forming a series of closed 
curves (in this case circles) surrounding the singular point itself.  Tie 
singular point is "isolated"; no streamline actually joins it*  Nevertheless, it 
is a point of zero wind and hence is Co be regarded as a singularity.  There is 
no indraft or outdraft at the point, the streamline field being one of pure 
rotation in the negative sense.  Such a point should be called an anticyclone. 
Proceeding in this way, that is. by rotating the isogons through 45 degrees, one 
sets a succession of singularities, all related. The remainder of the diagram 
is formed in this way.  Various patterns ere either pure indrafts or outdrafts, 
pure cyclones or pure anticyclones, or combinations of the first two with 
the latter two.  The cyclonic indraft, for example, is as Its name implies, 
a combination of an indraft and a cyclone.  All these patterns, however 
different they may appear, are closely related; the essential feature being 
the decrease in isogon value as one proceeds in a positive direction along 
any closed curve surrounding the singularities. 

In figure A-3 we again have a set of isogons which are straight lines. 
Consider any one of the' set formed by successive rotation through 45 degrees. 
If a curve be described about each point in the positive direction, the values 
of the isogons increase rather than decrease. As before, successive rotations 
give different patterns.  However, these patterns do not differ qualitatively 
to the eye like those of the previous figure. They, are In fact all hyperbolic 
or neutral points. 

At this point in the discussion it is an advantage to introduce some ele- 
mentary topologlcal ideas which assist in the classification of different types 
of singularlftles.  As before, we may surround a singular point and its isogons 
by a closed curve described in positive direction.  In figure A-2 if we describe 
the curve around any singular point, starting at any point and returning to the 
same point, we will cross every isogon once.  In practltal terms, an observer 
traveling around this curve and holding a wind vane would find that the vane 
would describe one complete revolution in the positive direction during one pas- 
sage around the curve.  Now we can describe a curve of this kind in any part of 
the field of motion.  The number of revolutions performed by an imaginary wind 
vane carried in the positive direction around the curve is called the index of 
Che curve. If  the vane turns in a counter clockwise direction during this pas- 
sage, the value of the index is positive.  If the vane turns in the clockwise 
direction, the value is negative.  We can immediately state the following prop- 
erty: 

Property 2:  The index of a closed curve which encloses no singular 
points is zero. 

This property can easily be verified by drawing any arbitrary wind field not 
containing a singular point and describing the required curve.  It will be 
tound that the vane thus carried around will rotate a portion of -the complete 
circle, either in the positive or negative direction and then rotate in the 
opposite sense to cone back to its starting point.  Since only singular point0 
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Hltect t'.e index of tbe curve, »e say «ithout anblgulty, speak of the index 
ol a singular point, it being always understood that the closed curve which 
is Jescribed a^out the point docs not contain it.  The reader nay easily verify 
the following property: 

Property 3:  All the critical points illustrated on figure A-2 have the 
sane index, namely, plus one. 

Property 4:  All the singular points illustrated on figure A-3 have the 
index minus one. 

Th» following property can be verified by trial on paper: 

Property 5:  The Index around any closed curve covering any part of the 
wind field is computed by adding the indices of all singular 
points lying within It. due regard being taken of tbe sign. 

For example, if a closed curve surrounds both a neutral point and a vortex, tbe 
index of the curve is zero. 

This suggests that certain singular points may have the value zero -- such 
is Indeed the case.  Consider diagram A in figure A-4 where tbe Isogons meet at 
a singular point; however, if a closed curve is described around this point, in 
the positive direction, there is not a complete revolution of tbe Imaginary 
wind vane. If we start at the point marked a, for example, the vane first rotates 
from 18 to 9 and from 9 to 36.  However, after passing 36, the vane does not con- 
tinue to rotate in the same sense, but returns through the same Isogon values 
to finish at a with 18.  There has been a half revolution, first in the oositive 
and then in tbe negative sense. The index of the singi-lar point is zero.  Such 
a point is known as a cusp point.  It Is the commonest type of singularity of 
index zero, both in the easterlies and in tbe westerlies.  However, It is usually 
short-lived, being a transition pattern during the formation of vortices from 
waves.  As in the case of figure A-2 and figure A-3 we may take the set of Iso- 
gons representing the cusp point and rotate them in steps of 45 degrees to get 
a complete set of points of index zerp.  Figure A-4 illustrates the different 
patterns obtained by this process.  Although the streamlines at A and E bear 
little resemblance to those at C and G. all have the same index. 

The points classified on these diagrams represent practically every kind of 
simple singularity found on wind maps.  More complicated points, of course, are 
possible.  They are illustrated on figure A-5.  Diagram A represents a point of 
index zero which is more complicated than those illustrated in figure A-4.  Dip- 
grams 3 and C represent points of index, plus 2.  So i&r  these have not been 
observed on wind maps though the possibility that they may exist in very turbu- 
lent regions remains open.  Diagram D represents a point of index minus 2, a 
complicated neutral point.  Such points as these are rarely, if ever, observed 
on wind maps.  They are, however, sometimes seen where there are strdng orographic- 
al effects, as on the plateaus among tbe Rocky Mountains. Oceanic analysis con- 
taining such points is likely to be in error. 

An analyst who intends to carry out isogon analysis seriously will do well 
to be familiar with these patterns, with the notion of the index and with the 
possible combinations of two or more points.  These theoretical ideas are also 
useful in tbe discussion of the synoptic models.  Finally, the following property 
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J«5   t^-^      36 

09 
A     INDEX    ZERO 

27 + *-27 

B     INDEX    PLUS 2 

tU ■ 

INDEX   MINUS  2 

ConrI icatc-i  singular  ooints  not usually  found on  wind  charts. 

. > ü <-■ s t a t e cl: 

.Tuperty 6: Un a spnerical surface the sum of the indices of all 
singular points in the wind tield is plus t*o. 

■ u L-xati.ple, the sin.plest *ind pattern *hich can be drawn on a glooe is a 
.-: ra i^h t zonal current circling the Jaoe at all latitudes. When this is done 
;• , Ji.it ut index plus one *ill ue found at each pole.  The impossibility of 
.i.iii)- anotner positive point in the tield without also drawing a negative 
-jitil if equal index is obvious, e.s;., a neutral point n.ust be added with 

. .: virtex.  Points ot index zero nay be added singly.  However, the total 

VIUVA .ilways renains plus two. 
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